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ABSTRACT 

The Norne oil field (NF) in Norway is experiencing bypassed oil due to the water- 

flooding recovery strategy employed to maintain the initial pressures. Four time-lapse 

seismic surveys, used as a supportive tool on its field development plan, were provided 

for this research, and were qualitatively studied. Two out of these four surveys were 

quantitatively studied combining Rock-physics templates (RPT) and Time-lapse Pre-

stack seismic inversion. The inverted volumes of acoustic impedance (AI) and Vp/Vs 

ratio were analyzed for the changes caused by the produced hydrocarbons and the 

injected water. A range of well-logs were used to build and calibrate an RPT that 

characterizes the reservoir sandstones of the NF. 

The analysis of the well-log data demonstrate that it is possible to discriminate 

between the brine- and oil-saturated sands in this field, based on the seismic response 

to their elastic properties. Specifically, cross-plotting acoustic impedance against the 

ratio of compressional and shear velocities (Vp/Vs ratio) shows a clear separation 

between the saturations. The results of the inversion show variations in acoustic 

impedance and Vp/Vs ratio across two of the segments of the field. The areas around 

the producer wells show minor changes, contrasted with major variations around the 

injector wells. The comparison of the elastic properties inverted from successive 3D 

seismic surveys were interpreted with the customized rock-physics template to show the 

discrimination of the reservoir lithology and fluid dynamic changes across the different 

faulted blocks, revealing the impact of hydrocarbon production on the seismic response 

due to changes of reservoir mapping of fluid migration fronts. 

Combining time-lapse seismic inversion and RPTs captured the production-induced 

seismic changes when comparing the base- and monitor-inverted volumes. These 

changes were observed in the form of high acoustic impedance and a high Vp/Vs ratio 
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around the injector wells, which gradually increase from the base to the monitor survey. 

These increases were interpreted as an effect of the water flooding recovery strategy 

applied to these reservoirs. Some areas of the field experienced higher water 

replacement than others, likely indicating that the areas with lower water replacement 

have experienced less hydrocarbon production.  
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CHAPTER 1  INTRODUCTION 

The Norne field, discovered in December 1991, is a mature oil field located about 

80 km north of the Heidrun field in the Norwegian Sea. The field is situated in blocks 

6608/10 and 6508/1 in the southern part of the Nordland II area. Approximately 

0.532*106 Sm3 (standard cubic meter) of oil was produced from 11 well slots in March 

2010. Water is injected in 8 wells. The Norne field has produced 83.2*106 Sm3 of oil in 

total per March 2010 (NPD, 2014), which is approximately 88% of recoverable reserves. 

On the 31st of December 2006 the Norwegian Petroleum Directorate estimated the 

recoverable reserves to be 94.7*106 Sm3 of oil and 10.50*109 Sm3 of gas. Remaining 

reserves are estimated to be 12*106 Sm3 of oil and 4.5*109 Sm3 of gas. 

All these changes from the initial reservoir saturation conditions have induced 

changes in the seismic response of the reservoir rocks. Interpreting these seismic 

changes can give valuable information about the pressure and saturation state within the 

field. Results from 4D studies can be integrated in reservoir models and give important 

information when planning new wells (Johnston et. al, 2013). Seismic surveys play an 

important role in decision-making and reservoir simulation for the Norne field (Ouair and 

Springer, 2005). Most of the subsurface oil fields in the North Sea are able to achieve 

50% recovery, but the Norne field is reported to be the sub‐sea developed field with the 

highest oil recovery of around 60% (Awan et al., 2008). In 2010 the cost of the repeated 

seismic surveys in the Norne area was estimated to 4.3 billion USD. A better 

understanding of the time-lapse seismic technology would help to obtain more value out 

of the data acquired.  

Conventionally, seismic inversion has been used to estimate static reservoir 

models for properties such as porosity and lithology. More recently, with the 
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development of time-lapse seismic technology, we can invert seismic data not only for 

static properties but also for dynamic reservoir properties in seismic reservoir 

characterization workflows (Johnston et al. 2013). In this study, we estimated rock 

properties, such as porosity, and dynamic property changes, such as saturation changes 

from time-lapse seismic data, by combining the results of the pre-stack simultaneous 

inversion of different seismic monitor surveys of the Norne field. This provided acoustic 

impedance and Vp/Vs ratio volumes at different stages of field production. The time-

lapse inverted response enabled us to statically and dynamically characterize the 

reservoirs by fitting the predicted rock-physics template (calibrated at well locations). 

 

1.1 Aim and objectives 

The aim of this study was to perform rock-physics-based reservoir monitoring by 

integrating well-logs, inverted 4D pre-stack seismic data and rock-physics templates 

(RPT).  

The specific research objectives were as follows: 

 evaluate the usage of the RPT approach of Avseth et al. (2005) for the Norne 

field; 

 use RPT in conjunction with 4D inverted seismic data to monitor the oil reservoir 

of the Norne field; 

 identify areas with fluid saturation changes;  

 map fluid flow through successive seismic surveys; and  

 evaluate the compartments and connectivity of the reservoir formations.  
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CHAPTER 2  BACKGROUND THEORY 

2.1  General rock physics  

Rock physics is a discipline that links seismology with geology when interpreting 

seismic data. Quantifying the elastic properties of rocks such as velocity, density, 

impedances and Vp/Vs ratio plays an important role in reservoir characterization 

because these parameters are directly related to reservoir properties (Chi and Han, 

2009). Rock physics knowledge is the bridge that connects these elastic properties to 

the reservoir properties such as clay content, porosity and fluid saturation (Avseth et al., 

2005). 

2.1.1 Velocity-porosity relation  

Rock-physics models that relate velocity and impedance to porosity and 

mineralogy form a critical part of the seismic analysis required to predict porosity and 

lithofacies (Avseth et al., 2005). For all rocks, velocities decrease with increasing 

porosity; this is intuitive when considering a wave velocity measurement as a 

measurement of stiffness. We can express the wave velocities in a dry porous medium 

by using the critical porosity model proposed by Nur (1992): 

 

𝑉𝑝 =
√

(𝐾𝑠 +
4𝐾𝑠

3 ) ∗ (1 −
∅
∅𝑐

)
η

(1 − ∅) ∗ 𝜌
 

(1) 

 

 

𝑉𝑠 =
√

(𝐺𝑠) ∗ (1 −
∅
∅𝑐

)
η

(1 − ∅) ∗ 𝜌
 

(2) 
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where Ks and Gs are the solid mineral bulk and shear modulus is solid mineral density, 

 is porosity and c is the critical porosity. The exponent η is usually taken as 1, but there 

is evidence from laboratory data that weak rocks would have η higher than 1, and strong 

rocks would have η lower than 1 (Avseth et al., 2005). The porosity dependence will 

change with fluid saturation; the general effect of this is to increase both the bulk 

modulus, according to the Biot-Gassmann Theory, and the density, by adding a 

contribution of f. This should lead to an increase of P-wave velocity, because with 

fluid saturation, the bulk modulus increases more than the density.  

2.1.2 Fluid substitution  

Fluid substitution helps us understand and predict how seismic velocities and 

impedances depend on pore fluids. Stiff rocks have a small seismic sensitivity to pore 

fluids, while soft rocks have a large sensitivity to pore fluids. Gassmann (1951) 

described the relation which predicts how the rock modulus change correspondingly with 

a change of pore fluid. When using the Gassmann relation, two fluid effects must be 

considered: the change in rock bulk density and the change in rock compressibility. The 

compressibility of a dry rock can be expressed as follows (Avseth et al., 2005): 

 1

𝐾𝑑𝑟𝑦
=

1

𝐾𝑚𝑖𝑛𝑒𝑟𝑎𝑙
+

∅

𝐾∅
 

(3) 

 

where ∅ is the porosity, Kdry is the dry rock bulk modulus, Kmineral is the mineral bulk 

modulus, and 𝐾∅ is the pore space stiffness defined by 

 1

𝐾∅
=

1

𝑉𝑝𝑜𝑟𝑒
∗

𝛿𝑣𝑝𝑜𝑟𝑒

𝛿𝜎
 

(4) 
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where 𝑣𝑝𝑜𝑟𝑒 is the pore volume and  is the increment of hydrostatic confining stress 

from the passing wave. Poorly consolidated rocks, rocks with microcracks and rocks at 

low effective pressure are generally soft and have a small 𝐾∅.   

The compressibility of a saturated rock can be expressed as (Avseth et al., 

2005): 

 1

𝐾𝑠𝑎𝑡
=

1

𝐾𝑚𝑖𝑛𝑒𝑟𝑎𝑙
+

∅

𝐾∅ +  𝐾𝑓𝑙𝑢𝑖𝑑 ∗ 𝐾𝑚𝑖𝑛𝑒𝑟𝑎𝑙

𝐾𝑚𝑖𝑛𝑒𝑟𝑎𝑙 − 𝐾𝑓𝑙𝑢𝑖𝑑

 
(5) 

 

where 𝐾𝑓𝑙𝑢𝑖𝑑 is the pore fluid bulk modulus. Equations 3, 4 and 5 together are equivalent 

to the following Gassmann‘s relations: 

 𝐾𝑠𝑎𝑡

𝐾𝑚𝑖𝑛𝑒𝑟𝑎𝑙 − 𝐾𝑠𝑎𝑡
=

𝐾𝑑𝑟𝑦

𝐾𝑚𝑖𝑛𝑒𝑟𝑎𝑙 − 𝐾𝑑𝑟𝑦 +
𝐾𝑓𝑙𝑢𝑖𝑑

∅ ∗ (𝐾𝑚𝑖𝑛𝑒𝑟𝑎𝑙 − 𝐾𝑓𝑙𝑢𝑖𝑑)

 (6) 

 

 𝜇𝑠𝑎𝑡 = 𝜇𝑑𝑟𝑦 (7) 

 

where 𝐾𝑓𝑙𝑢𝑖𝑑, 𝐾𝑑𝑟𝑦, 𝐾𝑚𝑖𝑛𝑒𝑟𝑎𝑙, 𝐾𝑠𝑎𝑡 are the pore fluid, dry rock, mineral and saturated rock 

bulk moduli respectively at porosity, ∅.  

Now the velocities of the saturated rock can be written as 

 

𝑉𝑝𝑠𝑎𝑡 = √
(𝐾𝑠𝑎𝑡 +

4𝐺
3 )

𝜌
 

(8) 

 

 

𝑉𝑠𝑠𝑎𝑡 = √
𝐺

𝜌
 

(9) 

 

where G is the shear modulus and  is the density of the new rock-fluid system. 
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2.1.3 The Gassmann assumptions  

Gassmann’s fluid substitution assumptions are summarized here as described by 

Avseth et al. (2005): 

 dry bulk modulus does not change with different saturating fluids;  

 saturated shear modulus does not change with different saturating fluid; 

 porosity does not change with different saturating fluids;  

 frequency effects are negligible in the measurements; and 

 rocks are isotropic and homogeneous (mono-mineralic).  

 

2.1.4 The Gassmann limitations  

Frequency  

Gassmann’s equations are strictly valid only for low frequencies (Avseth et al., 

2005). It is not trivial to determine precisely the critical frequency, but one approach is to 

determine this frequency using the characteristic time for fluids to diffuse in and out of 

cracks and grain boundaries. O’Connell and Budiansky (1977) estimated this frequency 

as follows (Avseth et al., 2005): 

 
𝑓𝑠𝑞𝑢𝑖𝑟𝑡 = 𝐾𝑚𝑖𝑛𝑒𝑟𝑎𝑙 ∗ 

𝛼3

η
 

 

(10) 

 

where α corresponds to the cracks aspect ratio and η is the fluid viscosity. The 

Gassmann fluid substitution is expected to work only in seismic frequencies that are 

lower than fsquirt. Jones (1983) suggested fsquirt = 10 000 Hz for laboratory measurements. 
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Isotropy  

The rock must be isotropic in order to use Gassmann’s relation. However, since 

the rocks are anisotropic, we use P-wave velocity (Vp) and S-wave velocity (Vs) 

measured in a single direction and ignore the anisotropy for fluid substitution analysis 

(Avseth et al., 2005). 

 

Mineralogy  

Gassmann‘s equations are derived assuming materials with homogeneous 

mineralogy. Since rocks consist of several constituent minerals, one must calculate an 

average. A simple way to estimate the bulk modulus of the average mineral is to 

compute the upper and lower bounds of the mixture of minerals and take their average: 

 
𝐾𝑚𝑖𝑛𝑒𝑟𝑎𝑙 ≈

𝐾ℎ𝑠+ + 𝐾ℎ𝑠−

2
 

(11) 

 

Another approach to estimate Kmineral is to ignore the existing mixture of minerals 

in the rock and use the bulk modulus of the more abundant mineral. However, this may 

have a severe impact on the rock’s fluid sensitivity. Choosing a rock modulus that is low 

relative to the modulus of the mixture of minerals will model a “soft” rock, and the 

Gassmann relations will therefore predict a large sensitivity to pore fluid changes. When 

the rock modulus is high relative to the modulus of the mixture of minerals, the modeled 

rock is “stiff” and Gassmann will predict a small sensitivity to fluid (Avseth et al., 2005). 

Ideally, one should work with fairly detailed mineralogical descriptions of the rocks for 

which fluid substitution will be modeled. 
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2.2  Rock-physics models for dry rocks  

The following section presents a summary of rock-physics model from Avseth et 

al. (2005). 

 

2.2.1 Elastic bound models  

Elastic bound models provide a useful framework for velocity-porosity relations 

(Avseth et al., 2005). Many effective medium models are available and all of them aim to 

mathematically describe the effective elastic moduli of rocks and sediments, such as 

inclusion, granular medium and contact models. Regardless of their specific approach, 

the models need to specify three parameters: 

 volume fractions of the various constituents of the rock to be modeled (i.e., V1 

and V2);  

 elastic moduli of the various phases (i.e., K1 and K2); and 

 geometric details of the arrangement of the phases relative to each other.  

 

The Voigt and Reuss average models  

The Voigt (1910) and Reuss (1929) bounds are the simplest bounds available. 

However, they are not necessarily the best. The Voigt upper bound on the effective 

elastic modulus (𝑀𝑉) of a mixture of N materials is expressed as follows (Avseth et al., 

2005): 

 
𝑀𝑉 = ∑ 𝑓𝑖𝑀𝑖

𝑁

𝑖=1
 

(12) 
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where 𝑓𝑖 is the volume fraction and 𝑀𝑖 is the elastic modulus of the ith constituent. The 

Voigt bound is also referred to as the iso-strain average; this is because it gives the ratio 

of average stress to average strain when all constituents are assumed to have the same 

strain. 

 

The Reuss lower bound of the effective elastic modulus (𝑀𝑅) is given by the 

following equation: 

 1

𝑀𝑅
= ∑

𝑓𝑖

𝑀𝑖

𝑁

𝑖=1
 

(13) 

 

The Reuss bound is also known as the iso-stress average, since it gives the ratio 

of average strain when all constituents are assumed to have the same stress. The 

Reuss average can be used to model the effective modulus of solid grains in suspension 

in a fluid as well as shattered materials. Figure 2.1 shows the geometrical disposition of 

a two-phase material for both the Voigt and Reuss bounds.  

 

 

Figure 2. 1 Geometric disposition of two phases for Voigt and Reuss bounds (Wisconsin, 2014) 
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Hashin-Shtrikman lower and upper bounds  

The Hashin-Shtrikman bounds give the narrowest possible range of elastic 

moduli without specifying anything about the geometrical arrangement of the 

constituents (Avseth et al., 2005). Therefore, they are considered the best bounds for an 

isotropic elastic mixture. For the specific case of only two constituents, the bounds are 

expressed as follows: 

 
𝐾𝐻𝑆± = 𝐾1 +

𝑓2

(𝐾2 − 𝐾1)−1 + 𝑓1(𝐾1 +
4𝜇1

3
)−1

 
(14) 

 

 
𝜇𝐻𝑆± = 𝜇1 +

𝑓2

(𝜇2 − 𝜇1)−1 + 2𝑓1(𝐾1 + 2𝜇1) / [5𝜇1(𝐾1 +
4𝜇1

3 )]
 

(15) 

 

where 𝐾1, 𝜇1 and 𝐾2, 𝜇2 are the bulk and shear moduli of the individual constituents and 

𝑓1 and 𝑓2 are the respective volume fractions. To compute the upper and lower bounds 

of the mineral mixture, one must interchange which material is subscripted as 1 and 

which is subscripted as 2 (Avseth et al., 2005). The upper bound is found by subscripting 

the stiffest material as 1 in equations 14 and 15, while the lower bound is found with the 

stiffest material subscripted as 2 in equations 14 and 15. 

Figure 2.2 (a) shows the Hashin-Shtrikman coated-sphere morphology and the 

physical interpretation of the moduli of a two-phase material. The right pane of Figure 

2.2 (b) shows the elastic bound models for shear modulus with respect to volume 

fraction; it displays the Voigt, Reuss and Hashin-Shtrikman upper and lower bounds. 
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Figure 2. 2 Hashin-Shtrikman coated sphere morphology (a). The stiffest material is indicated by 
the number 2 and the softest with number 1 (Mavko et al., 2009). Elastic bound models (b) 
(Wisconsin, 2014) 

 

2.2.2 Contact theories  

Hertz-Mindlin theory  

The physical foundation of this contact theory is based on the consideration of a 

random package of identical grains with spherical shape. The elastic properties of such 

a granular package depend on the contact properties between the grains – contact 

stiffness, contact area and number of contact points – as well as on the elastic 

properties of the grains and the porosity. The elastic moduli can be expressed in terms 

of the Hertz-Mindlin theory moduli as follows (Avseth et al., 2005): 

 

𝐾𝐻𝑀 = √
𝑛2(1 − ∅𝑐)2𝜇2𝑃

18𝜋2(1 − 𝑣)2

3

 

(16) 

 

 

𝜇𝐻𝑀 =
5 − 4𝑣

5(2 − 𝑣)
√

3𝑛2(1 − ∅𝑐)2𝜇2𝑃

2𝜋2(1 − 𝑣)2

3

 

(17) 
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where 𝐾𝐻𝑀 and 𝜇𝐻𝑀 are the dry rock bulk and shear modulus respectively at critical 

porosity ∅𝑐, P is the effective pressure, 𝜇 and 𝜐 are the shear modulus and Poisson’s 

ratio of the solid phase, and n is the coordination number (number of contacts per grain). 

Poisson’s ratio can be expressed in terms of the bulk and shear moduli as follows: 

 
𝑣 =

3𝐾 − 4𝜇

2(3𝐾 + 𝜇)
 (18) 

The coordination number 𝑛 depends on porosity  as shown by Murphy (1982). 

The relationship between the coordination number and porosity can be approximated by 

the following empirical equation (Avseth et al., 2005): 

 𝑛 = 20 − 34∅ + 14∅2 (19) 

The Hertz-Mindlin theory assumes that the grain package is stable with further 

loading. Mindlin (1949) also considered the effect of a shear stress when it is applied 

subsequently to normal stress, and assumed that there is no slip between the grains; 

this means that there is a maximum grain friction (Avseth et al., 2005). 

The friable-sand model 

The friable-sand model involves two theoretical models for high-porosity sands 

(Dvorkin and Nur, 1996). This model is also known as the unconsolidated line and 

describes the variation of the velocity-porosity relationship with respect to sorting. The 

well-sorted end member is represented as a well-sorted packing of similar grains whose 

elastic properties are determined by the elasticity of the grain contacts. The well-sorted 

end member typically has a critical porosity ϕc of around 40%. The friable-sand model 

represents poorly sorted sands. It is a variation of the well-sorted end member for which 

additional smaller grains are included in the pore space. These additional grains 
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deteriorate the sorting, decrease porosity, and slightly increase the rock stiffness (Avseth 

et al., 2005).  

The elastic moduli of the dry well-sorted end member at critical porosity are 

modeled as an elastic package of spheres that is subject to a confining pressure. These 

moduli are given by the Hertz-Mindlin theory. The other end point in the friable-sand 

model is at zero porosity and has the bulk (K) and shear (μ) moduli of the mineral that 

compounds the rock being modeled. The moduli of the poorly sorted sands, with 

porosities between 0 and the critical porosity ∅𝑐, are then interpolated between the 

mineral point and the well-sorted end member using the lower Hashin-Shtrikman bound 

(Avseth et al., 2005).  

The Hashin-Shtrikman lower bound is selected for unconsolidated sands due to 

the softest component, the sphere pack, being the load-bearing material. On the other 

hand, the solid material introduced in the pore spaces is the stiffest constituent and is 

disseminated between the spheres. At porosity ϕ, the concentration of the pure solid 

phase (added to the sphere pack to decrease porosity) in the rock is 1−𝜙/𝜙𝑐, and that of 

the original sphere-pack phase is 𝜙/𝜙𝑐. Then the bulk (𝐾𝑑𝑟𝑦) and shear (𝜇𝑑𝑟𝑦) moduli of 

the dry friable sand mixture are as follows (Avseth et al., 2005): 

 

𝐾𝑑𝑟𝑦 = [

∅
∅𝑐

𝐾𝐻𝑀 +
4𝜇𝐻𝑀

3

+
1 −

∅
∅𝑐

𝐾 +
4𝜇𝐻𝑀

3

]

−1

−
4

3
𝜇𝐻𝑀 

(20) 

 

 

𝜇𝑑𝑟𝑦 = [

∅
∅𝑐

𝐾𝐻𝑀 + 𝑍
+

1 −
∅
∅𝑐

𝜇 + 𝑍
]

−1

− 𝑍 

(21) 

 

where  
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𝑍 =

𝜇𝐻𝑀

6
(

9𝐾𝐻𝑀 + 8𝜇𝐻𝑀

𝐾𝐻𝑀 + 𝜇𝐻𝑀
) 

(22) 

 

Using Gassmann’s equations it is now possible to calculate the saturated elastic moduli, 

Ksat and μsat. 

The contact-cement model  

Cementation is a phenomenon that occurs during geological burial and 

diagenesis. Cements might have differing mineralogy such as quartz, calcite, and 

feldspar. Cementation has a stiffening effect on the sedimentary rocks because the grain 

contacts are being “glued” together. The contact-cement model assumes that porosity 

reduces from the initial porosity of the sand package because of the uniform deposition 

of the cement layers on the surface of the grains (Avseth et al., 2005). The contact-

cement model dramatically increases the stiffness of the sphere package by reinforcing 

the grain contacts. The initial cementation effect will cause a large velocity increase with 

only a small decrease in porosity. Dvorkin et al. (1994) developed the contact-cement 

model, and its mathematical expression is as follows: 

 𝐾𝑑𝑟𝑦 = 𝑛(1 − ∅𝑐)𝑀𝑐𝑆𝑛/6 (23) 

 

 
𝜇𝑑𝑟𝑦 =

3𝐾𝑑𝑟𝑦

5
+ 3𝑛(1 − ∅𝑐)𝜇𝑐𝑆𝜏/20 

(24) 

 

where 𝐾𝑑𝑟𝑦 and 𝜇𝑑𝑟𝑦 are the effective bulk and shear moduli for the dry rock, respectively; 

∅𝑐 is the critical porosity and n is the coordination number; 𝑆𝑛 and 𝑆𝜏 are variables; 𝐾𝑐 

and 𝜇𝑐 are the bulk and shear moduli of the cement material, respectively; 𝐾𝑠 and 𝜇𝑠 are 

the bulk and shear moduli of the grain material, respectively; and 𝑀𝑐=𝐾𝑐+4𝜇𝑐/3 is the 
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compressional modulus of the cement. Using Gassmann’s equations, the saturated 

elastic moduli can then be calculated. 

The constant-cement model 

This model assumes sands of varying sorting and porosity all having the same 

amount of contact cement (Avseth et al., 2005). Porosity reduction is then solely due to 

noncontact pore-filling material. This model can be understood as a combination of the 

contact-cement model (in which the porosity reduces from the initial sand package 

porosity to porosity ∅𝑏 because of contact-cement deposition) and the friable sand model 

(in which porosity reduces from ∅𝑏 because of deposition of the solid phase away from 

the grain contacts) (Avseth et al., 2005). 

The equations for this model are as follows: 

 

𝐾𝑑𝑟𝑦 =  [

∅
∅𝑏

𝐾𝑏 + (
4
3

)𝜇𝑏

+
1 −

∅
∅𝑏

𝐾 + (
4
3

)𝜇𝑏

]

−1

−
4

3
𝜇𝑏 

(25) 

 

 

𝜇𝑑𝑟𝑦 =  [

∅
∅𝑏

𝜇𝑏 + 𝑍
+

1 −
∅

∅𝑏

𝜇 + 𝑍
]

−1

− 𝑍 

(26) 

 

where 

 
𝑍 =

𝜇𝑏

6
(

9𝐾𝑏 + 8𝜇𝑏

𝐾𝑏 + 𝜇𝑏
) 

(27) 

 

∅𝑏 is the porosity at the well-sorted end member and the respective dry-rock bulk and 

shear moduli at that porosity are 𝐾𝑏 and 𝜇𝑏. The remaining parameters carry their usual 

meaning. 
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2.3  4D seismic  

The concept of 4D seismic or time-lapse seismic can be summarized as 

repeated 3D seismic data, shot over a producing field, in order to monitor and predict the 

interwell changes in reservoir properties that result from the field’s depletion caused by 

the hydrocarbon extraction. Calendar time is the fourth dimension added to 3D seismic 

surveys. The changes in reservoir properties, like fluid saturation and pressure, induce 

changes in the elastic properties of the reservoir rocks that can be seismically detected 

under favorable circumstances. A time-lapse seismic survey is field-scale reservoir 

surveillance (Johnston, 2013). 

4D seismic interpretation methods have often been based on differences in 

seismic images. This method has the advantage of minimizing the effects of lithology 

variations on elastic properties and emphasizing the effects of production. Ideally a 

seismic survey is acquired before production or before the initiation of a secondary or 

enhanced-recovery process. That seismic survey would serve as the initial or baseline 

conditions of the reservoir. A repeated seismic survey will be acquired at a certain time 

depending on the particular recovery process of the field. The reservoir models, as well 

as forward seismic models, should help to determine the appropriate intervals for 

acquiring new seismic data. The difference between a repeated (or monitor) survey and 

a baseline survey can then be interpreted in terms of the reservoir changes resulting 

from production (Johnston, 2013).  

According to Johnston (2013), when time-lapse seismic method is properly 

applied, it is of great help in increasing hydrocarbon reserves and recovery by locating 

bypassed and undrained reserves, optimizing the location of infill-wells and flood 
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patterns by improving reservoir characterization, and identifying compartmentalization by 

mapping permeability pathways. 

Johnston (2013) claims that in order to determine the interpretation strategy of 

time-lapse seismic data, one needs to consider the reservoir-management objectives. 

For example, a simple interpretation of sweep might be sufficient if the objective is to 

monitor the oil-water contact of a reservoir. On the other hand, quantitative estimates of 

saturation change and pressure change might be required in some 4D projects. 

Therefore, the elements of 4D seismic interpretation strategy can include qualitative and 

quantitative 4D seismic interpretation (Johnston, 2013). 

2.3.1 Qualitative 4D interpretation  

The 4D seismic response can be the result of changes in both saturation and 

pressure in the reservoir. It is possible to perform qualitative interpretations of saturation 

change by evaluating the 4D seismic data in terms of sweep to identify bypassed oil, 

baffles, flood fronts and contact movement. Interpreted pressure changes can be used 

to infer connectivity, fault seal and compartmentalization. When changes in saturation 

and pressure occur in the same place, the qualitative interpretation methods tend to rely 

on ties to production data and to 4D seismic modeling to resolve the uncertainties that 

arise from competing effects of saturation and pressure. Qualitative interpretations can 

include optimizing infill-well locations, managing water or gas sweeps, revising reserve 

estimations, and optimizing well completions. Most 4D interpretations reported in the 

literature take a qualitative approach (Johnston, 2013). 
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2.3.2 Quantitative 4D interpretation  

In the quantitative approach of 4D seismic interpretation, 4D data are inverted to 

obtain estimates of saturation and pressure changes that can be compared directly with 

reservoir-simulation predictions. This process is still an area of active research. 

Quantitative interpretation aims to provide additional reservoir insights, and resolve 

ambiguities in saturation and pressure responses. Quantitative interpretation results can 

make computer-aided simulation of history-matched algorithms simpler (Johnston, 

2013). 

4D Seismic inversion 

It is very common to base 4D amplitude interpretation on differences in full-stack 

data because such data have the advantage of having greater signal-to-noise values 

than pre-stack data or partial stacks. However, one should keep in mind that even when 

the 4D response is dominated by fluid-saturation changes, and thus is impacted 

primarily by changes in acoustic impedance, full-stack data do not represent a true 

“zero-offset” seismic response. Therefore, inverted full-stack difference data can be 

considered only as qualitative indicators of the actual impedance change. However, 

there is additional information contained in partial-angle stacks compared with that in 

full-stacks that could potentially lead to more quantitative evaluations of time-lapse 

seismic inversions methods (Johnston, 2013). 

Time-lapse elastic inversion provides the following benefits to interpretation, 

according to Johnston (2013): 

• more-robust estimates of P-wave impedance change, thereby reducing side-lobe 

energy that can complicate the interpretation of quadrature-phase data; 
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•  estimates of S-wave-impedance change that can be useful for interpreting 

pressure changes;  

• quantitative estimates of impedance change that can be calibrated to rock-

physics models; and 

• better estimates of Vp/Vs ratio values to help constrain reservoir presence 

because of the data redundancy inherent in inverting multiple seismic surveys. 

Sarkar et al. (2003) consider several time-lapse inversion workflows that can be 

carried out in order to estimate production-caused changes in subsurface properties. 

These approaches include: 

•  inversion of individual baseline and monitor data sets to obtain impedance 

models, which are then differentiated to obtain impedance changes; 

•  inversion of baseline data to obtain a baseline impedance model, which is 

subsequently used as the initial model in the inversion of monitor data (the 

impedance models are then differentiated to obtain a time-lapse impedance 

model); and  

•  inversion of seismic differences. 
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CHAPTER 3  GEOLOGY OF THE MID-NORWEGIAN MARGIN 

3.1  Structural framework 

The Norne oil field is located in the northern segment of the Mid-Norwegian 

Margin, which was formed during the extension events of the Late Paleozoic to Early 

Cretaceous (see Figure 3.1). It is segmented by the East Jan Mayan Fracture Zone on 

the south, and the Bivrost Lineament/Transfer Zone on the north. The Mid-Norwegian 

Margin is subdivided into three main provinces: the Møre Basin, the Vøring Margin and 

the Lofoten-Vesterålen Margin (Faleide et al., 2010).  

The Møre Basin is structurally composed of sub-basins that are separated by intra-

basinal highs formed during the rifting events of the Late Jurassic to Early Cretaceous. 

The infill sediments deposited during the mid-Cretaceous time consist of interlaced 

sediments and igneous intrusions, dipping basinward and thinning up to <10km (Faleide 

et al., 2010). 

The Vøring Margin, from the southeast to the northwest, comprises the 

Trøndelag Platform, the Halten Terrace (HT), the Dønna Terrace (DT), the Vøring Basin 

and the Vøring Plateau, as seen in Figure 3.1 (Faleide et al., 2008). Starting from the 

southeast, the Trøndelag Platform, stable since Jurassic times, encloses deep basins 

filled with Triassic and Upper Paleozoic sediments. The Vøring Basin is characterized by 

sub-basins resulting from the differential vertical tectonic movements that occurred 

during Late Jurassic to Early Cretaceous. The Vøring Plateau includes the Vøring 

Marginal High (VMH) and Vøring Escarpment. The VMH consists of continental crust, 

followed by thick oceanic crust, which underlie a layer of basalts of the Early Eocene and 

a layer of volcanic deposits (Faleide et al., 2008). 
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The Lofoten-Vesterålen Margin (LVM) is characterized by a steep slope and 

narrower shelf and basins. The amount of extension on the LVM was less than that of 

the Vøring Basin, which appears to be highly extended on its most southern segment. 

 

Figure 3. 1 (Top) Main structural elements of the mid-Norwegian modified from (Faleide et al., 
2008), (Bottom) Regional profiles across the Mid-Norwegian Margin. The gray boxes indicate the 

location of the Norne field. (Modified from Blystad et al., 1995). 
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3.2  Stratigraphy and evolution 

The stratigraphic and evolutionary history of the mid-Norwegian Sea includes two 

episodes of extension. The first, a Late Paleozoic rift, caused the formation of basins 

between Norway and Greenland along the NE-SW Caledonian trend. This was later 

followed by a second episode of rifting during Late Jurassic-Early Cretaceous involving 

the northeast Atlantic and Arctic oceans; this was responsible for the development of 

major Cretaceous basins like the Vøring and Møre off the Mid-Norwegian Margin 

(Faleide et al., 2010). Figure 3.2 presents a generalized lithostratigraphic column of the 

area. 

 

Figure 3. 2 Lithostratigraphic summary for the Norwegian Continental Shelf and adjacent areas 
(modified from Brekke et al., 2001) 
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 From the Permian to Early Triassic, extension was accommodated by normal-

fault systems that developed prominently in the Trøndelag Platform (Froan Basin) and 

Vestfjorden Basin areas; extension is best constrained onshore in east Greenland 

(Faleide et al., 2010). Deposition of continental to shallow marine clastics (sandstones 

and shales) occurred during the Late Triassic to Middle Jurassic, followed by a transition 

to the deep marine sediments of the Upper Jurassic that marked the onset of a second 

major rifting phase in the Cretaceous. Crustal thinning during this last extension event 

resulted in the generation of the Vøring and Møre Basins off mid-Norway where the 

shales from the Upper Cretaceous were deposited.  

Another rifting event occurred in the Late Cretaceous to Paleocene. The main 

large-scale faulting period occurred in the Campanian; this eventually led to the breakup 

of the northeast Atlantic Ocean on a regional scale and to the updoming of thick 

Cretaceous sequences at the Vøring margin and LVM on a more local scale (Faleide et 

al., 2010). 

Finally, during the Paleocene to Eocene transition, ~55 Ma, the breakup of the 

lithosphere in the Norwegian Margin occurred (Faleide et al., 2010). This period is 

characterized by regional subsidence and moderate sedimentation rates in the Mid-

Norwegian Margin that preceded the transformation of the margin into a passive (i.e., 

magma-poor) rifted margin on the limits between the Norwegian and Greenland Seas. 

Mid-Cenozoic compressional deformation, mainly occurring in the Miocene, is 

well documented on the Vøring Margin. This is characterized by domes/anticlines, 

reverse faults and broad-scale inversions. The main phase of this deformation is the 

Miocene, with some structures being initiated in earlier times (Faleide et al., 2010).  

 

 



 

 
24 

 

3.3  The Norne Field 

The Norne field is an oil and gas producer, currently operated by Statoil ASA in 

partnership with Petoro AS and Eni Norge AS. It is located in the Nordland area of the 

Norwegian Sea within blocks 6608/10 and 6508/1 (see figure 3.3), roughly 80 km north 

of the Heidrun field, and covers an approximate area of 9 X 3 km2. The Norne oil field 

was awarded to Statoil ASA in 1986 and its first discovery well was drilled in 1991 

(Statoil, 1991). 

 The petroleum system of the Norne field includes two source rocks: the Spekk 

Formation, deposited during the rifting events of the Late Jurassic, and the gas-prone 

coal beds of the Åre Formation that were deposited in the Early Jurassic (Clayton, 

1994). Since the field is located in the horst-faulted block of the basin, the major trap 

styles are these rotated faulted blocks of the horst and graben configuration developed 

in the Jurassic (Clayton, 1994). Reservoirs and seals will be discussed in section 3.4. 

Structurally, the field is divided into two main compartments with four segments total 

(C, D, E and G). The location of these segments is presented in Figure 3.4. 

 

3.4  Reservoir Geology 

The main reservoir rocks of the Norne oil field correspond to four sandstone 

formations of the Early to Middle Jurassic: Tilje, Tofte, Ile and Garn. In general, the 

sands in these formations are fine-grained, well-sorted subarkosic arenites (Statoil, 

1994). The Ile and Tofte Formations in particular have porosities varying from 25%–30% 

and their permeability ranges from 50 to 3000 mD. The reservoir thickness from the Top 

of Åre Formation to the Top Garn Formation varies across the field from 260 m in the 

southern parts to 120 m in the northern parts (Statoil, 1994). 
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Figure 3. 3 Norne field location within the Norwegian Sea (modified from Statoil, 2006) 

 

 

Figure 3. 4 Top reservoir map showing Norne horst block with four segments. (Osdal et al., 2006) 
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The northern section of the field shows more evidence of erosive events, 

primarily in the Ile and Tilje Formations. Figure 3.5 shows the stratigraphic subdivision of 

the field and summary of the average porosity, thickness and permeability of the 

reservoir. 

The Aare Formation has a heterolithic composition, and it is the lowest formation 

within the Norne field. It is compounded of channel sandstones which are 2‐10m thick 

and interbedded with mudstones, shales and coals. The total thickness of the formation 

varies from 200 m in the southern Haltenbanken Area to more than 800 m in the 

northern part of the field. An increased sand/shale ratio eastwards has been identified. 

The depositional environment is thought to be alluvial to delta plain setting, transported 

from a source area to the east (Verlo et al., 2008). 

The Tilje Formation consists of tidally influenced deposits that show erosional 

activity; these deposits include mostly sands, but also clays and conglomerates. It is 

subdivided into four sections, Tilje 1-4, has porosities varying from 16%–25% and a total 

thickness of about 90 m (Verlo et al., 2008). 

The Tofte Formation (Lower Jurassic) overlies the Tilje Formation; it is separated 

by an unconformity, laterally continuous and less eroded than the Tilje Formation. The 

Tofte Formation is also subdivided into four sections, Tofte 1-4, with facies changing 

from more sand content westward to more shale content eastward of the field, along with 

the presence of channels on the top layers. Porosity ranges from 22%–28% and the total 

thickness is 57 m (Verlo et al., 2008). 

The Ile Formation overlies the Tofte Formation. Subdivided into three sections, 

the formation is composed mostly of thick sands with some channeling; these sediments 

were deposited in a shoreface. The reservoir quality of the Ile Formation is generally 

good, especially in the regressive facies of these sediments, but decreases toward the 
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top of the formation. The average porosity of this formation is 25% and it has a total 

thickness of about 40 m (Verlo et al., 2008). 

The communication between these three reservoirs is very good, laterally and 

vertically. However, with the upper reservoir, the Garn Formation, the communication is 

interrupted by the Not Formation, a shale layer, which acts as a seal between the three 

reservoirs below and the Garn Formation above. The Not Formation is thin but it acts as 

a very effective seal (Verlo et al., 2008). Faults and diagenetic carbonates also act as 

barriers for fluid flow. Some of these diagenetic carbonates are found in various parts of 

the reservoir column, especially within the Tofte and Ile formations (Statoil, 1994). 

The Garn Formation is the top reservoir, and is sealed by the overlying Melke 

and Spekk Formations. It consists of about 30 m of sand deposited on a nearshore 

environment. Porosity ranges from 18%–29% and it is mostly filled with gas, though a 

part of the column is also filled with oil (Verlo et al., 2008). 
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Figure 3. 5 Stratigraphic sub‐division of the Norne reservoir (Statoil, 2001) 
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CHAPTER 4  DATASET 

This chapter describes the dataset available for our 4D study. The dataset used 

in this research was provided by the Center for Integrated Operations at NTNU and 

consists of: 

 four seismic surveys acquired in 2001, 2003, 2004 and 2006. The seismic data 

available included near-, mid- and far-offset stacks and full-stack seismic cubes;  

 well-log data; and  

 production and injection data. 

 

4.1  Seismic Surveys 

Seismic data from the Norne field were first acquired in 1992 as a conventional 

base survey, and was subsequently followed by successive monitor surveys. In 2001 

WesternGeco acquired a seismic survey to implement their Q-Marine technology. The 

acquisition geometry consisted of six streamers separated by 50 m, recording shots from 

a single source. Three further surveys were later acquired, during 2003, 2004 and 2006, 

on the same area using the same technology; the main purpose was to repeat the 2001 

survey’s geometry and parameters (Osdal et al., 2006). 

The configuration for the monitor surveys of 2003, 2004 and 2006 were six 

steerable streamers separated by 50 m and a single source. The repeatability of 4D 

seismic surveys is considered essential if the aim is to carry out effective reservoir 

monitoring. Inconsistencies in the data result in low repeatability and could add great 

challenge for subsequent surveys. Statoil considered the 2001 monitor survey as the 

base survey due to repeatability issues related to feathering in the 1992 survey. 
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Feathering was well documented by Osdal et al., (2006) when they mapped the 

difference between the Q-survey of 2003 and the 1992 survey, as well as those of 2001 

and 2003. Figure 4.1 illustrates the repeatability of the seismic surveys at the Norne 

field. The figure shows that between the Q-surveys (2001, 2003, 2004 and 2006) there is 

very high repeatability; it also shows that there are significant differences between the 

non Q-survey data. Between the 2001 and 2003, the only portion of the field which 

shows limited repeatability is the area under the Norne production platform. Gentle 

currents in the area allowed a high correlation of repeatability (Osdal et al., 2006). Table 

1 shows the acquisition parameters for the Q-Marine surveys. 

 

 

Figure 4. 1 Feathering difference between 1992 and 2003 (left) and feathering difference 
between 2001 and 2003 (right). The color legend indicates blue areas of consistent repeatability 

at zero (0) and red areas of non-repeatability at five (5). 
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Company 
WesternGeco 

 
Vessel Topaz 

Survey dates 
August/Sept. 2001, June 
2003, July 2004, and 
July/August 2006 

Survey type 3D 

Instruments 
Triacq 5 

 
Tape format SEG-D 

Filter settings 

High cut: 200 Hz  
Slope: 477 dB/oct  

 
Low cut: 3 Hz 
Slope:18 dB/oct 

Sample rate 2 ms 

Record length 6144 ms  

Timing delay 64 ms Filter delay 30 ms 

Source array 
1 x 5085 cu.in. airgun array, 
operating at 2000 psi Shot point 25m 

Source depth 6m 

Receiver array 
6x3200m streamer, 240 
groups per streamer Group interval 

 
12.5m 

Cable depth 8m  

Inline offset 122m 

Source separation n/a 
Cable 50m 

Configuration 
254 trace, 64 fold, 6 lines per 
boat pass, 25m line spacing 

Polarity 
convention 

Positive pressure at hydrophone recorded as a negative 
number 

 

4.1.1  Seismic processing 

Processing was performed both onboard survey vessels and at WesternGeco 

stations. Onboard processing ensured a careful quality control to obtain good 

repeatability of the acquisition geometries of the different surveys. The quality of each 

line was verified immediately after shooting to compare the geometry to earlier surveys; 

before comparing, the data were processed to remove the source signature (i.e., 

designature) as well as multiples (Radon Demultiple). After the completion of the survey, 

a full fast track onboard seismic interpretation was performed on the processed data to 

Table 1 Acquisition parameters for the Q-Marine surveys (WesternGeco, 2007) 
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assist the positioning of new production wells, thereby maximizing the value of the 4D 

surveys (Osdal and Alsos, 2010). 

All four surveys (2001, 2003, 2004 and 2006) were processed at WesternGeco 

stations implementing the same processing sequence to optimize results. Workflows of 

the pre- and post-stack processing sequences are summarized in Figures 4.2 and 

Figure 4.3. 

 

Figure 4. 2 Pre-stack seismic processing flow (Statoil, 2006) 
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Figure 4. 3 Post-stack seismic processing flow (Statoil, 2006) 
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4.2  Well Data 

Well-log data provide finer-scale measurements of physical rock properties than 

the seismic vertical resolution. Well-logs also provide information such as lithology, fluid 

saturation and stratigraphy. In this study we used the well-log data for two main reasons. 

The first reason was to tie the seismic and well data in order to be able to map seismic 

horizons of interest, and the second was to build the initial low-frequency model that is 

needed for pre-stack seismic inversions. The low-frequency model (< 10 Hz) was built as 

the initial guess of formation properties such as velocity and density. The low-frequency 

model, which is important in obtaining acoustic impedance from model-based seismic 

inversions, will be discussed in further detail in Chapter 6. The well database available 

from the Center for Integrated Operations at NTNU included a large number of wells. 

However, only five wells were used in this study, and were selected based on having 

available dipolar sonic, density and saturation logs. Figure 4.4 shows the paths of the 

seismic surveys and the distribution of the five wells across the Norne field. 

The five wells we selected are described in detail in this subsection. 

Well 10-F-1 H is the twelfth development well and fourth water injection well to 

be drilled in the Norne field. The well was planned to inject water into the water leg in the 

northern part of the field (segment E), thus supporting the existing water flood provided 

by wells C-1 H and C-2 H. As with all injection wells planned on the F template, F-1 H 

can be easily converted from water injection to gas injection. The well was drilled 

vertically through the Garn, Ile, Tofte, Tilje, and Aare reservoir intervals and perforated 

within the Ile and Tofte Formations. The top of the perforated interval is approximately 

23 m TVD (true vertical depth) below the oil water contact (Statoil, 2006). 
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Well 10-B-4 was planned as a horizontal production well in the Norne field. The 

objective of this well was to drain oil from the Upper Ile Formation in the southwestern 

area of the field (segment C) (Statoil, 2006). 

Well 10-B-4-AH was planned as a horizontal production well. The objective was 

to drill a horizontal section of 600 m within the Ile 2 Formation. As of September 2001, 

the well was producing oil from Ile 2 Formation at a rate of 5100-5200 m3/day (Statoil, 

2006). 

Well 10-E-3H was planned to drain oil from the Ile Formation in the northern part 

of segment E. The well was drilled with one horizontal section and located 5m TVD 

below the top of Ile Formation using geosteering. The well was successfully placed in oil-

filled sands throughout the sedimentary section, except for the deepest part of the well 

path that penetrated the water zone. However, this incident helped to define the OWC 

(oil water contact) in the central area of segment E at 2617 TVD (Statoil, 2006).   

Well 10-C-3H was planned to drain oil from the Ile 2 Formation in the southern 

part of segment C. It was drilled in a single 8 ½” hole and logged with LWD (logging 

while drilling), through the Garn, Not, Ile, Tofte and Tilje Formations. It was landed 

horizontally in the Ile 2 Formation (Statoil, 2006). 

 

4.3  Production and Injection Impacts on Time-lapse Inversion 

The Norne field began producing hydrocarbons with a self-sustained pressure 

which fell after few years of production. The recovery strategy of the field has been 

reported to be water injection below the reservoir to increase the pressure within the 

field. The water being injected replaces the produced oil in the down-dip areas of the 

fault blocks while the gas cap is kept untouched (Statoil, 2006). A graph of the well oil-
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production total (WOPT) for Wells 10-E-3AH and 10-E-2H, as well as the well water 

injection total (WWIT) for the wells 10-F-1H and 10-F-3H in segment E, is given in Figure 

4.5. The WWIT data available for segment E shows a higher volume of water injection 

than the WOPT. The injected water (higher density) replaces the produced oil (lower 

density). 

 

 

Figure 4. 4 Base map of the Norne field. The rectangle represents the geometry of the seismic 
surveys. The black lines correspond to the paths of the five selected wells. 
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Figure 4. 5 Well Oil Production Total (WOPT) against Time in years for the wells 10-E-3AH (a) and 10-E-3H (b). Well Water Injection Total (WWIT) 
against Time in years for the wells 10-F-1H (c) and 10-F-1 (d) 
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CHAPTER 5  ROCK PHYSICS ANALYSIS 

5.1  Rock-physics template (RPT) method 

Rock-physics templates (RPTs) can be defined as charts of rock-physics models 

that are constrained by local geology; they can be used for prediction of lithology, 

porosity and saturating fluids (Avseth et al., 2005). Ødegaard and Avseth (2004) 

introduced the method for the first time. RPTs are unique for different fields and 

represent local geological features, such as lithology, mineralogy, burial depth, 

diagenesis (cementation), pressure and temperature. In general it is advisable to include 

only the expected lithology for the stratigraphic formation under investigation when 

generating the templates (Avseth et al., 2005). One of the most common forms of RPTs 

is in the domain of P-wave acoustic impedance (AI) versus Vp/Vs ratio; this is important 

because a combination of these two parameters is an effective lithology and fluid 

discriminator (Avseth et al., 2005; Chi and Han, 2009). Other forms of RPTs include 

crossplots of acoustic impedance, shear impedance, elastic impedance, and Lame’s 

parameters: lambda-rho, lambda-mu and mu-rho.  

 

5.2  Rock-physics template forward modeling 

The first step for RPTs modeling is to calculate velocity-porosity trends for the 

expected lithology for various burial depths (Avseth et al., 2005). This is followed by the 

application of Hertz-Mindlin contact theory to estimate the pressure dependency at the 

high-porosity end member. The other end point is at zero porosity and it has the bulk 

and shear moduli of the solid mineral. Then, using the modified Hashin-Shtrikman 

bounds, these two points are connected with a curve in the porosity-moduli plane. This 
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can be bulk and shear moduli for the mixture of two phases: the original porous phase 

and the added solid phase. The porosity reduction related sorting and packing, where 

small grains fill the pore space between larger grains, is modeled by the lower bound. 

When modeling cemented rocks, there is the option of either applying the Dvorkin-Nur 

cement model or the Hashin-Shtrikman upper bound model (Avseth et al., 2005). The 

next step is to calculate the elastic bulk moduli of different saturation scenarios, such as 

full brine and full oil saturation to model the effects of different fluids. To accomplish the 

modeling of fluid saturation changes, the dry rock properties that were calculated with 

the combination of the Hertz-Mindlin and Hashin-Shtrikman models are then used as the 

inputs into Gassmann’s equation to calculate the saturated rock properties, assuming 

uniform saturation. From these, P- and S-wave velocity, as well as the density of brine- 

or oil-saturated rocks, can be calculated. Finally, acoustic impedance and Vp/Vs ratios 

can be computed so that crossplots of acoustic impedance versus Vp/Vs ratio can be 

graphed; an example is shown in Figure 5.1. A simplified workflow is presented in Figure 

5.2.  

It is important to mention that in order to accurately build an RPT, one needs to 

know the physical properties of the saturating fluids filling the pore spaces of the 

formations under investigation. These properties include pressure, temperature, brine 

salinity, gas gravity, oil reference density (API) and gas-oil ratio (GOR).  
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Figure 5. 1 Acoustic Impedance – Vp/Vs ratio RPT. The black arrows show increasing: shaliness 
(1), cement volume (2), porosity (3), pore pressure (4) and gas saturation (5), (Adapted from 

Avseth and Ødegaard, 2004). 

 

 

Figure 5. 2 RPT construction schematic workflow. 
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5.3  Reservoir characterization using RPTs with Norne field data  

P- and S-wave velocities, density, and acoustic and shear impedance were used 

to collect information about lithology, saturant fluids and porosity for this case study. In 

this chapter, we present several crossplots using different attributes and the RPT 

approach. 

 

5.3.1  Fluid-lithology detection and discrimination  

In order to characterize the reservoir sands at the Norne field, we carried out an 

analysis of the well-logs to evaluate whether it was possible to discriminate among fluids 

as well as lithologies in this field. This was done through crossplotting by combining P- 

and S-wave velocities and density logs.  

 

5.3.1.1  Using P- and S-wave velocity crossplot  

Combining P- and S-wave velocity information is an effective direct hydrocarbon 

detection method. In spite of the many competing parameters that influence seismic 

velocities, the non-fluid-related effects of both P- and S-wave velocities are similar 

(Avseth et al., 2005). In other words, variations in porosity, clay content, and pore 

pressure move P- and S-wave velocity data up and down along the same trend, while 

changes in fluid saturation tend to create individual trends for P- and S-wave velocity 

(Avseth et al., 2005). This was important to determine which sedimentary formations in 

the Norne field contain hydrocarbons as illustrated in Figure 5.3. 

The crossplot points in Figure 5.3a refer to Well 10-E-3H and show data from the P-

wave and S-wave logs color-coded with the saturation log. Figure 5.3b shows the log 
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curves of the data points plotted in Figure 5.3a. The log curves in figure 5.3b are color-

coded based on the two zones (hydrocarbon and brine sands) defined in the crossplot 

domain. These two distinct zones of data are separated following different trends which 

are parallel. The data inside the green polygon correspond to hydrocarbon-saturated 

sands while the data inside the orange polygon represent brine-saturated sands. When 

validating the crossplot (Figure 5.3a) against the well-logs (Figure 5.3b), the two zones 

of data show that hydrocarbons are found in the Garn and Ile Formations and in the 

upper part of  the Tofte Formation whereas brine is found in the Tilje and Åre Formations 

and some brine in the Not Formation. In Figure 5.3b there is also a Volume of Shale 

(Vsh) log that has not been color-coded with the zones that we have mentioned. When 

taken into consideration, the Vsh makes evident that some of the two-zone 

classifications proposed can be too broad, since some shaly sand intervals are being 

classified as brine-saturated sands. 

 

Figure 5.4 (a) presents the same data as in Figure 5.3 (a), but this time the data 

points are colored with the volume of shale log. A new zone is defined in this crossplot, 

which is represented by a blue polygon. This new zone encompasses the shales 

observed in this stratigraphic sequence. Note that discriminating between shaly sands 

and brine-saturated sands is not possible in the P-wave versus S-wave crossplot 

domain. However, by color-coding the data points with the Vsh log it was possible to 

identify the points that represent the Not Formation, which is the thin shale layer that 

acts as a seal for the reservoir interval under investigation. In Figure 5.4 (b), the Vsh log 

is now presented color-coded with the three zones identified. 
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Figure 5. 3 A crossplot of P-wave (Vp) versus S-wave (Vs) velocities for the entire log interval available (right panel). Color-coded with Brine 
Saturation log. A significant separation between oil- (green) and brine- (orange) saturated sands has been identified. The left panel of this figure 

presents the log view of the data being crossploted, from left to right: Vp, Vs, Sw and Vsh logs. 
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Figure 5. 4 A crossplot of P-wave (Vp) versus S-wave (Vs) velocities for the entire log interval available. Color-coded with volume of Shale log. A 
significant separation between oil- (green) and brine- (orange) saturated sands was previously identified. Discrimination between shale and shaly 
sands is now evident. The left panel of this figure presents the log view of the data being crossploted, from left to right: Vp, Vs, Vsh and Sw logs.
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5.3.1.2  Using Vp/Vs ratio and P-wave impedance (AI) crossplot  

Figure 5.5 and Figure 5.6 have been used to identify the five (5) litho-fluid 

classes indicated by colored polygons on the AI versus Vp/Vs ratio crossplot, which is 

another powerful domain for fluid and lithology discrimination. Oil (green polygon), gas 

(purple polygon) and brine sands (orange polygon) have been identified (Figure 5.5 (a) 

and Figure 5.6 (a)) and mapped on their corresponding log curves (Figure 5.5 (b) and 

Figure 5.6 (b)). Shaly sands (blue polygon) as well as the shale interval of the Not 

Formation (red polygon) were also identified. The data points in Figure 5.5 are color-

coded using the water saturation log, while in Figure 5.6 they are colored with the 

volume of shale log.  

 

5.4  Reservoir property predictions from well-log data using RPTs  

We built a rock-physics template (RPT) to characterize the well-log data from the 

five selected wells from the Norne oil field (see section 4.2). Gas and oil sands were 

encountered in the available wells. Though our initial objective was to monitor the oil 

reservoirs in this field, when carrying out RPT models one needs to focus on individual 

sedimentary formation units, or at least on units with similar characteristics to be 

modeled; for this reason, our study was constrained to the zone from the top of the Ile 

Formation to the top of the Tilje Formation.   
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Figure 5.5 AI versus Vp/Vs ratio crossplot. Five litho-fluid classes have been interpreted and attributed to different types of lithology and fluids. 
The five zones identified correspond to oil (green polygon), gas (purple polygon), brine (orange polygon) and shaly sands (blue polygon), as well 
as the shale interval of the Not Formation (red polygon). The data points have been color-coded using the water saturation log. The AI, Vp/Vs 
ratio and brine saturation logs in the curve display (left to right) have been color-coded based on the five zones identified on the crossplot. Oil, 

gas and brine sands can be seen in their respective reservoir intervals.
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Figure 5. 6 AI versus Vp/Vs ratio crossplot. Five (5) zones or litho-fluid classes have been interpreted and attributed to different types of lithology 
and fluids. The five zones identified correspond to oil (green polygon), gas (purple polygon), brine (orange polygon) and shaly sands (blue 

polygon), as well as the shale interval of the Not Formation (red polygon). The data points have been color-coded using the volume of shale log. 
The AI, Vp/Vs ratio and volume of shale logs in the curve display (left to right) have been color-coded based on the five zones identified on the 

crossplot. Oil, gas and brine sands can be seen in their respective reservoir intervals.
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The color zones identified in Figure 5.4 were adopted consistently and have the 

same meaning in all our RPT crossplots. However, they include additional data points 

that correspond to the other four additional wells other than Well 10-E-3H which was the 

focus in Figures 5.3 through 5.6.  

The Norne reservoir sands present some degree of cementation (Statoil, 2001), 

so the constant-cement model was used to build the RPT of the selected well-log 

dataset. The following properties were used as input parameters for the RPT models.   

 

Summary of the properties used in the modeling of RPT 

Effective pressure = 30 MPa Critical porosity = 0.40 (Sands) and 0.6 (Shales) 

Temperature = 98  ̊C  Coordination number = 8.64 Cementation=2.5% 

Brine salinity = 15000 ppm  Mineral: Quartz and Clay 

Gas gravity = 0.7API Shear friction factor = 0.47 

Oil gravity = 35 API GOR: 100 

Table 2 Rock-physics model input parameters. 

 

5.4.1. RPT analysis of real data using constant-cement model  

The constant-cement model was superimposed over the AI-versus-Vp/Vs ratio 

crossplot domain containing data plotted for all the selected wells, covering the 

stratigraphic interval from the top of the Ile Formation to the top of the Tilje Formation. 

The crossplots on which the RPT was superimposed were color-coded based on oil 

saturation (Figure 5.7), porosity (Figure 5.8) and volume of shale (Figure 5.9) in order to 

validate the accuracy of the template. As seen in Figure 5.7, our RPT discriminates 

between oil-saturated and brine-saturated sands. Figure 5.8 shows that the RPT shows 
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the transition from highly porous sands to low porosity sands. From Figure 5.9 one can 

see how the content of shale increases towards the direction of decreasing porosity. 

As mentioned before, the litho-fluid classes shown in Figure 5.5 were adapted to 

the stratigraphic zones of interest: the Ile and Tofte Formations. These sedimentary 

formations are clear of clay minerals, as can be seen from the volume of shale logs. 

However, we could expect facies variations that may be more abundant in clay minerals, 

so we kept the shale zone. Figure 5.10 presents the four litho classes identified overlying 

the rock physic template that was built. The gas zone was not included because in the 

Norne field, gas is known to occur within the sand interval of the Garn Formation, just 

above the Not Formation shale layer; the latter is out of our zone of interest for this 

study. 
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Figure 5. 7 RPT using constant-cement model superimposed on the Acoustic impedance versus Vp/Vs ratio crossplot domain. Data points are 
color-coded with the oil saturation log. The template’s vertical lines represent constant porosities while the horizontal lines represent constant 

saturations. A porosity trend line for the shale is also plotted
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Figure 5. 8 RPT using constant-cement model superimposed on the Acoustic impedance versus Vp/Vs ratio crossplot domain. Data points are 
color-coded with the porosity log. The template’s vertical lines represent constant porosities while the horizontal lines represent constant 

saturations. A porosity trend line for the shale is also plotted.
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Figure 5. 9 RPT using constant-cement model superimposed on the Acoustic impedance versus Vp/Vs ratio crossplot domain. Data points are 
color-coded with the volume of shale log. The template’s vertical lines represent constant porosities while the horizontal lines represent constant 

saturations. A porosity trend line for the shale is also plotted. 
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Figure 5. 10 RPT using constant-cement model superimposed on the Acoustic impedance versus Vp/Vs ratio crossplot domain. Data points are 
color-coded with the oil saturation log. The template’s vertical lines represent constant porosities while the horizontal represent constant 

saturation lines. Four litho-fluid classes were identified: oil-saturated sands (green polygon), brine-saturated sands (orange polygon), shaly sands 
(blue polygon) and shale (red polygon). 
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5.4.2. Observations from the static RPTs based on the constant-cement 

model 

The oil-saturated sands litho-class (green polygon) has an average oil saturation 

of above 80% according to the hydrocarbon saturation log used to color code the data 

points. However, the RPT prediction does not match the well-log measurements. This 

might indicate that the RPT finds it hard to represent partial saturation of hydrocarbons. 

This litho-fluid class has an average porosity of about 0.27 from the RPT, which matches 

with the observed porosity from well-log measurement of 0.25-0.30. Some data points in 

this litho-fluid class have porosity close to 0.22 (yellow, based on well-log 

measurements); therefore, their porosity is slightly over-predicted by the RPT. The oil-

saturated sands litho-fluid class has low clay content, averaging a volume of shale 

fraction of 0.1, so it can be regarded as a clean and highly porous sandstone zone.   

The brine-saturated sands litho-fluid class was predicted by RPT to be fully 

saturated with brine, and is dominated by dark blue data points representing 0% of 

hydrocarbon saturation. However, this litho-fluid class contains some light blue data 

points (40% of hydrocarbon saturation, based on well-log data), although they fall above 

the brine sand line. This indicates that the RPT classifies those points with partial 

saturation of oil as brine-saturated. This litho-fluid class has porosities from 0.2-0.35, as 

predicted by the RPT, which is fairly accurate when compared with the well-log data. 

The brine-saturated sands litho-fluid class has very low clay content, exhibiting a volume 

of shale fraction of 0.0-0.2, which is an indicator that the sands are clean.  

A shaly-sands litho-fluid class was also created. Although the very few points that 

fall into this zone do not exhibit a high clay content, we expected that if lateral facies 

variations occurred between wells, and the clay content of these formations increased, 
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corresponding data points would fall within this zone; this is shown in Figure 5.6. These 

rocks should not contain any hydrocarbon and have the lowest porosity (0.1-0.2 from the 

RPT) and the highest acoustic impedance, around 10 g/cc*m/s. A similar logic was 

applied when defining the shale zone. 

In general, there is a good match between the RPT and the well-log data. The 

overall porosities and saturation of the sandstones of the Ile and Tofte Formations are 

well-described with our RPT. Therefore, one can expect that this template should be 

useful to quickly and effectively predict porosities and saturations from pre-stack or 

elastic seismic inversion products for the Norne field and the particular sedimentary 

formations that we studied. 

 

5.5  Applications of RPTs in 4D seismic reservoir monitoring with Norne 

field data  

In this chapter, we explore and demonstrate the applications of RPTs in 

qualitative reservoir characterization and monitoring. We modeled 4D effects on well-

logs through fluid substitution by assuming different saturation scenarios in which oil is 

being replaced by brine. This fluid substitution modeling was carried out using 

Gassmann’s theory (Gassmann, 1951). We then observed how fluid substitution impacts 

velocities, density and subsequent AVO synthetics. We present different scenarios. It is 

assumed that pores are filled with only two types of fluids: oil and brine. 

Table 3 presents the reservoir constituent properties used in modeling data from 

the Norne oil field. The fluid properties were calculated using the University of Houston 

Rock Physics Laboratory’s Software, FLAG. The mineral properties were taken from the 

default values on Ikon Science’s software, Rokdoc.  
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Constituents Density [g/cm3] Bulk modulus [GPa] Shear modulus [GPa] 

Quartz 2.65 36.80 44.00 

Clays 2.30 17.50 7.5 

Brine 0.98 2.60 0.00 

Oil 0.75 0.73 0.00 

Table 3 Reservoir constituent properties used in modeling of data from Norne field in the 
Norwegian Sea 

In the fluid substitution process, sandstone was considered as the rock type and 

the in-situ fluid saturation was read from the available saturation log. 

 

5.5.1  Brine replacing oil in the Ile and Tofte Formations 

In this scenario, the oil saturation found in-situ at Well 10-C-3H is being 

substituted with 50% and 100% of brine in the Ile and Tofte Formations in the interval 

from 3388-3480m (measured depth). The goal was to create new well-logs after brine 

substitution in Ile and Tofte Formations, where the oil saturating the sands had been 

replaced by brine due to the production of hydrocarbons, and to study the effect of fluid 

saturation changes on seismic data through AVO synthetic forward modeling. Table 4 

presents a summary of the saturation scenarios used for AVO synthetic modeling. 

In-situ saturation conditions Output saturation conditions 

Saturant Percentage Saturant Percentage 

Oil 80% (Well-log average) Oil 50% and 0% 

Water 20% (Well-log average) Water 50% and 100% 

Table 4 Saturation scenarios used for AVO Synthetic modeling 
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5.5.2  4D well-log effect forward modeling in the Ile and Tofte Formations 

Figure 5.11 shows the following well-logs: P- and S-wave velocities, density, 

Vp/Vs ratio, and P- and S-wave impedances (AI and SI respectively) before and after 

fluid substitution at different brine saturations for Well 10-C-3H. Oil in the Ile and Tofte 

Formations was gradually substituted with brine. Results show an increase in P-wave 

density and a decrease in S-wave velocity as brine replaces oil in these formations. 

 

5.5.3  Brine-substitution effects on seismic in Ile and Tofte Formations  

Amplitude-versus-angle synthetics were computed using a statistically extracted 

wavelet from the available seismic volumes. The two-term Aki and Richard (1980)  linear 

approximation to the Zoeppritz equations, as well as the resulting well-logs obtained 

after the fluid substation modeling, were used to estimate the seismic response of the 

following saturation scenarios: in-situ conditions, 50% brine and 100% brine (Figure 

5.12). This was done to evaluate the magnitude of the 4D seismic response to fluid 

saturation changes within the reservoir rocks of this field. Note that the top of the 

reservoir, indicated with the well pick “Ile Fm 2.2.2”, becomes less negative with 

increasing brine saturation. It can also be observed that the positive reflector that 

characterizes the oil-water contact at the base of the reservoir decreases its amplitude 

with increasing brine saturation. In order to quantify the changes in seismic amplitude 

caused by the fluid replacement scenarios we modeled, a comparative crossplot of the 

seismic amplitude versus the angle of incidence was generated. This graph is presented 

in Figure 5.13. In Figure 5.13, we can observe that the seismic amplitude of the top of 

the reservoir decreases by 10% when the reservoir is saturated with 50% brine and 50% 

oil. When brine substitutes oil at 100%, the seismic amplitude experience a decrease of 
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80%. Figure 5.13 also shows that the seismic reflector of the top of the Ile Formation is 

an AVO class 2 anomaly, which means that at normal incidence, the seismic amplitude 

is close to zero and decreases with offset (Rutherford and Williams, 1989). 
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Figure 5. 11 Fluid replacement modeling for well 10-C-3H. The green well-logs represent the in-situ conditions, the blue well-logs correspond to an 
oil saturation of 50% and the orange well-logs to an oil saturation of 0% and brine saturation of 100%. All logs increase with increasing brine 

except S-wave, which acts in the opposite way.
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Figure 5. 12 Seismic effect of brine substituting oil in the Ile and Tofte Formations. Amplitude 
versus Angle of incidence synthetics for: (a) In-situ, (b) 50% of brine - 50% of oil saturation and (c) 

100% of brine saturation well-logs. (d)In-situ saturation log.  Amplitude increases at the top of 
the reservoir (becoming less negative) as brine saturation increases. 

 

Figure 5. 13 Seismic amplitude versus Angle of incidence graph. The yellow line corresponds to 
the amplitude extraction over the in-situ conditions synthetic seismogram; the blue line 

corresponds to the amplitude extraction over 50% brine and 50% oil synthetic seismogram; and 
the red line corresponds to the amplitude extraction over the synthetic seismogram computed 

for 100% brine saturation. 
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5.5.4  RPT analysis for fluid saturation changes in the Ile and Tofte 

Formations  

Fluid-substituted well-log data from the Ile and Tofte Formations was used to 

evaluate the power of RPTs in reservoir monitoring. The RPT built for these sandstones 

was superimposed on the fluid-substituted well-logs to evaluate the RPT’s ability for 

reservoir monitoring, and it became evident that the template did not match the modeled 

data (Figure 5.14). We tested whether we could use the RPT to quantitatively predict 

changes in fluid saturation. Generally, Vp/Vs ratios and AI in oil sands are lower 

compared to those of brine-saturated sands (Figure 5.14). When oil was replaced by 

brine, there was a considerable increase in Vp/Vs ratio and a slight increase in AI; this is 

because the rock becomes stiffer with a saturant fluid with higher density, and made the 

data points move along the saturation lines. The green, blue and orange points show 

different saturations but the same porosity (porosity is assumed to remain constant 

during fluid substitution). Blue data points (50% brine) were expected to plot on average 

around the 0.5 saturation line of the RPT but instead plotted in a scattered fashion 

around the 0.5-1.0 saturation lines in Figure 5.14. This means that the saturation is over- 

and underestimated by the RPT. The orange data points (100% brine) plotted above the 

brine sand line (or at 0% of hydrocarbon saturation), which seems to indicate that the 

RPT is capable of differentiating fully brine-saturated rocks from oil-saturated rocks. The 

differences in the modeled saturations and the predicted saturations show that our 

models do not fit the data well. Most likely this is due to the intrinsic geological 

heterogeneities of real data, which are very hard to mathematically model. Figure 5.14 

shows that the Vp/Vs ratio is a better fluid discriminant than acoustic impedance.   
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Figure 5. 14 Acoustic impedance versus Vp/Vs ratio crossplot for fluid substituted logs of well 10-C-3H. Vp/Vs ratio discriminates saturation better 
than Acoustic impedance. Quantification of partial saturations is not possible in this crossplot domain.  
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CHAPTER 6  TIME-LAPSE SEISMIC DATA ANALYSIS AND PRE-STACK 

SEISMIC INVERSION  

In Chapter 5, we discussed how fluid-saturation changes can be identified by 

evaluating acoustic impedance and the Vp/Vs ratio. In this chapter, we present how pre-

stack simultaneous seismic inversion was applied to the 2001, 2003, 2004 and 2006 

seismic surveys of the Norne field with the objective of obtaining reliable acoustic 

impedance and Vp/Vs ratio values from each of the individual surveys. 

The input needed to perform the pre-stack simultaneous inversion included angle 

gathers from each seismic monitor survey, P-wave sonic, S-wave sonic and density 

logs, and interpreted seismic horizons. Two out of the three seismic horizons that were 

mapped were inputs for the seismic inversion. The horizons we used were the 

shallowest and the deepest: the top of the Not Formation and the top of the Åre 

Formation, respectively. These two horizons correspond to the two seals encasing the 

reservoirs under study. The third seismic horizon, which was not an input for the pre-

stack inversion, corresponds to the top of the oil reservoir and was used for attribute 

extractions at the reservoir level.   

Acoustic impedance (AI) is the product of density and P-wave velocity (ρ*Vp), 

while shear impedance (SI) is the product of density and S-wave velocity (ρ*Vs). Both 

impedances represent intrinsic rock properties that correspond directly with particular 

lithological units. Pre-stack inversion, when properly carried out, should provide reliable 

estimates of AI, SI, and density from seismic amplitudes in order to predict fluid, 

lithology, and/or geochemical properties. Hampson, Russell and Bankhead’s STRATA 

simultaneous inversion algorithm for the estimation of P-impedance, S-impedance and 

density is based on the following three assumptions: 
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1. the linear approximation for reflectivity coefficients is valid; 

2. the Aki-Richards equations accurately describe PP and PS reflections as a 

function of angle; and 

3. the logarithm of P-impedance is linearly related to both S-impedance and density 

through equations: 

ln(𝑆𝐼) = 𝑘 ln(𝐴𝐼) + 𝑘𝑐 + ∆ ln(𝑆𝐼) (1) 

ln(𝜌) = 𝑚 ln(𝐴𝐼) + 𝑚𝑐 + ∆ ln(𝜌) (2) 

where the coefficients 𝑘, 𝑘𝑐, 𝑚, 𝑚𝑐 are the linear fitting parameters corresponding to the 

mudrock trend calculated by cross-plotting the values in the well-logs. ∆ ln(𝑆𝐼) and 

∆ ln(𝜌) are the deviations of the linear fit that correspond to the non-water-saturated 

rocks.  

In this chapter, we give an overview of the simultaneous pre-stack inversion 

process performed on the Norne 4D seismic data to obtain P- and S-impedances, 

density, P-wave and S-wave velocities and Vp/Vs ratio volumes for each monitor survey 

within the reservoir target zone. The resulting volumes were analyzed with the RPT that 

was presented in Chapter 5 to evaluate the possibility of mapping fluid flow within the 

reservoirs of the Norne field combining these two techniques. In this chapter we also 

discuss the method used to generate all the input needed for the inversion, as well as a 

brief qualitative analysis of the Norne time-lapse seismic data. 

 

6.1  Seismic well tie 

Well-logs are measured in depth while seismic data is recorded in two-way travel 

time. The integration of these two types of data was accomplished by tying the well-logs 

to the seismic data through synthetic seismogram generation. Generating a synthetic 
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seismogram involves convolving a seismic wavelet (extracted from the seismic data or a 

theoretical wavelet) with a reflectivity series that comes from P-wave velocity and density 

logs. We then generated a time-depth relationship that assigned a seismic time point to 

each depth point of the well-logs thereby creating time-depth curves. In addition, tying 

the well-log data to the seismic data allowed us to assign an “identity” to the seismic 

reflectors, and a stratigraphic formation to a specific seismic reflector. More importantly, 

this gave us a first insight into the actual rock properties of each seismic reflector. 

The five wells presented in section 4.2 were tied to the post-stack seismic 

volume from the year 2001. A seismic wavelet was extracted from the vicinity of each 

well.  Figure 6.1 shows a resulting synthetic seismogram for Well 10E-3H. The logs 

displayed in Figure 6.1 are the P-wave sonic log, the density log, and the computed 

reflectivity series. The extracted wavelet and its amplitude and phase spectrum are also 

shown in Figure 6.1. The wavelet is zero phase, with the dominant frequency of the 

wavelet around 30 Hz. Correlation coefficients between the synthetic and near-seismic 

traces are presented in Table 5. 

 

Well Correlation 

coefficient 
10-E-3H 0.85 

10-C-3H 0.75 

10-B-4 0.75 

10-B-4AH 0.80 

10-F-1H 0.85 

Table 5 Synthetic seismogram correlation coefficients 

 

6.2  Seismic horizon mapping 

As was mentioned in section 6.1, interpreted seismic horizons are part of what is 

needed for a pre-stack seismic inversion. These seismic horizons serve as structural 
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guides for the interpolation of well-log data when creating initial low-frequency models. 

Once the well-to-seismic tie was completed, we selected three stratigraphic levels to 

map across the Norne field: the Not Formation (uppermost seal), the Ile Formation (top 

of the reservoir sandstone), and the Åre Formation (lowermost interpreted horizon).  

Mapping these horizons confirmed the known structural style of the field. The 

Norne field structure is a horst structure bounded by normal faults as shown in Figures 

6.2 and 6.3. These faults divide the field into four segments: Norne C-, D- and E- which 

comprise the Norne Main Structure, and Norne G- which is the Northeast Segment. 

Normal faults exhibit north-northeast to south-southwest strikes. Figure 6.4 shows the 

horizon surfaces of the Not, Ile, and Åre Formations.   

Notable from the seismic sections presented in Figures 6.2 and 6.3 is the seismic 

character of the reflector corresponding to the Ile Formation. The Ile Formation presents 

relatively low seismic amplitude and noisy lateral continuity. This matches the 

observations we made with the AVO synthetic seismogram models presented in section 

5.5.3, through which we classified the Ile Formation as a class II AVO anomaly. 
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Figure 6. 1 Synthetic seismogram of Well 10-E-3H. (a) Formation tops and Seismic horizons. The colored dashed lines correspond to the tops of 
the formations of interest for this study: Not Formation (green), Ile Formation (yellow), Tofte Formation (pink), Tilje Formation (blue) and Åre 

Formation (dark yellow). The black dashed lines represent the mapped seismic horizons: from top to base, Not Formation, Ile Formation and Åre 
Formation. (b) Density (blue) and P-wave sonic (black) logs. (c) Computed reflectivity series. (d) Extracted wavelet (upper), wavelet amplitude 

spectrum (middle) and phase spectrum (lower). (e) Synthetic seismogram superimposed with recorded seismic, exhibiting a good visual 
correlation. (f) Phase correlation between synthetic and recorded seismic, showing an almost zero phase lag. 
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Figure 6. 2 Inline 1031, showing the three interpreted seismic horizons in section view. From top to base, the horizons correspond to the following 
stratigraphic formations: Not Formation (red), Ile Formation (green) and Åre Formation (blue). Normal faults surround the reservoir zone and 

create a horst structure.
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Figure 6. 3 Cross-line 2037, showing the three interpreted seismic horizons in section view. From top to base, the horizons correspond to the 
following stratigraphic formations: Not Formation (red), Ile Formation (green) and Åre Formation (blue). Normal faults cut the stratigraphic 

sequence, creating two horst blocks that surround a graben block.
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Figure 6. 4 Seismic Horizon Surfaces. From left to right the following formational structural maps are presented: Åre Formation Top (lowermost 
interpreted horizon), Ile Formation Top (top of sand reservoir) and Not Formation Top (uppermost seal). The four segments of the field are 

indicated in their corresponding fault blocks. The faults are normal with a strike direction of north-northeast to south-southwest.
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6.3  Qualitative analysis of Norne field 4D seismic data 

Before proceeding with the seismic inversion, a qualitative analysis of the Norne 

4D seismic data was conducted. We performed an amplitude extraction over two of the 

seismic horizons to study the amplitude response to the oil production through the 

successive seismic monitor surveys. Figure 6.5 shows the amplitude extraction over the 

seismic horizon that corresponds to the Not Formation (uppermost seal) for the four 

available monitor surveys (2001, 2003, 2004 and 2006).  

The seismic amplitude at the Not Formation level remains unchanged through 

time, which is expected as the hydrocarbon production should not impact the seismic 

character of the seal layers. We performed this particular amplitude extraction as a 

calibration to demonstrate that the four seismic surveys are indeed comparable and that 

the observed changes should be an expression of fluid saturation changes.      

A seismic amplitude extraction was also carried out over the Ile Formation 

horizon, corresponding to the top of the reservoir sandstones of this field. We observed 

that the most negative amplitudes of the horizon become dimmer in successive seismic 

monitors (see Figure 6.6). This dimming effect can be directly related to the hydrocarbon 

production of these blocks. The Gassmann fluid substituted logs presented in section 

5.5.3 showed the effect of brine replacing oil at the Ile Formation and demonstrated that 

it should cause the amplitude of that formation to become even less bright than when 

these sandstones were saturated with oil. The greatest differences are between the 

2001 and 2006 surveys caused by the cumulative effect of water injection. To facilitate 

the comparison among the amplitude extractions of different monitor surveys, Figure 6.6 

has colored ellipses over the Ile Formation amplitude map indicating the areas where 4D 

seismic responses of hydrocarbon production can be seen.   
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Figure 6. 5 Amplitude extraction over the Not Formation Horizon. There are no changes on the 
seismic amplitude of this horizon for any of the seismic monitor surveys. 
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Figure 6. 6 Amplitude extraction over the Ile Formation Horizon. The colored ellipses enclose 
areas where changes in the seismic amplitude occur through time. The negative amplitude 
anomalies (red color) become dimmer (yellow) with time. These changes are believed to be 

caused by brine replacing hydrocarbons in the Ile Formation’s pore space. 

 

6.4  4D Pre-stack seismic inversion 

The inputs to the inversion were:  

1) the near-, mid- and far-angle gathers of each seismic survey;  

2) angle-dependent seismic wavelets extracted from the available volumes; and  
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3) a low-frequency model that was created using the well-logs and the seismic 

horizons presented in Section 6.2.  

The outputs of this inversion are acoustic impedance, shear impedance, density and 

Vp/Vs ratio volumes. P-impedance, S-impedance and density low-frequency models 

were generated from the interpolation of the well-logs. The interpolation of the well-logs 

was guided by two seismic horizons. In the following subsections, we show each of 

these steps, along with the inversion results. 

 

6.4.1  Low-frequency model generation 

The low-frequency models were built from frequency-filtered well-log data: 

dipolar sonic logs, density logs and time-depth curves from the five wells described in 

Section 4.2. The idea behind building an initial model was to let the inversion algorithm 

use it for two purposes: first, as a representative and initial guess of the velocity 

structure and density distribution of the subsurface; second, to fill the low-frequency 

content gap that the seismic data intrinsically have. To establish the correct filtering 

parameters for the well-logs, it was necessary to study the amplitude spectrum of the 

seismic data to be inverted. Figure 6.7 shows the amplitude spectrum of the four seismic 

monitor surveys available for Norne field for a 500 ms window centered in the reservoir 

zone. All the surveys exhibit a very similar amplitude spectrum and, furthermore, that all 

of them lack a low-frequency band that goes from 0 to 12 Hz. Therefore, the well-logs 

that were inputs to this seismic inversion were filtered to preserve only that frequency 

band, eliminating the well-known high-frequency content that well-log information 

carries. This was done to avoid introducing noise to inversion results and to give a 

degree of freedom to the inversion algorithm when finding its solutions.  
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Figure 6. 7 Amplitude Spectrum of the four seismic monitor surveys available; 2001 (dark blue 
line), 2003 (light blue line), 2004 (red line) and 2006 (black line) 

 

After filtering the well-logs to the desired frequency band, the logs were 

interpolated following the structures given by the seismic horizons of the Not Formation 

and Åre Formations. Figure 6.8 presents a section view of the resulting P-impedance, S- 

impedance and density low-frequency models. We used the same low-frequency model 

to invert every seismic volume available to ensure consistent results. 
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Figure 6. 8 Section view of the low-frequency models at cross line 2037. From top to bottom: P-
impedance, S-impedance and density models. 
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6.4.2  Wavelet extraction  

Three wavelets were statistically extracted from a window of 1000 ms centered in 

the reservoir zone. The length of the window was chosen to capture the variability of the 

wavelet in a significant way. Each extracted wavelet corresponds to a representative 

wavelet of the near (10˚), mid (22˚) and far (35˚) offsets of the 2001 seismic survey. The 

three wavelets are zero-phase and exhibit some variations in their amplitude spectrum; 

this was important to include since the inversion aims to remove the effect of the seismic 

wavelet, making those offset variations likely to reveal lithological and fluid features. 

Figure 6.9 presents the extracted wavelets and their corresponding phase spectrums.  

 

Figure 6. 9 Extracted wavelets and their amplitude spectrum. (a) Extracted wavelets; (b) 
Amplitude spectrum. The yellow lines correspond to the near-offset wavelet, the red lines 

correspond to the mid-offset wavelet and the blue lines correspond to the far-offset wavelet. 
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6.4.3  Pre-stack inversion parametrization and analysis 

Our method for pre-stack inversion of P-wave seismic data follows the workflow 

proposed by Hampson, Russell and Bankhead (2005). An issue with this inversion 

method is the non-correlated noise between P-impedance and S-impedance. Non-

correlated noise can cause problems due to the differing signal-to-noise ratio of the P-

wave reflectivity and S-wave reflectivity; the resulting inversion can respond to this in 

various ways. By performing the pre-stack inversion using the simultaneous inversion 

algorithm, the inverse problem for P-wave and S-wave impedance is solved 

simultaneously, thus treating errors equally on both volumes (Hampson, Russell and 

Bankhead, 2005). 

The pre-stack inversion method aims to optimize the inversion results for several 

pre-stack traces, corresponding to different angles of incidence. For our study, three 

angles were available: 10˚, 22˚ and 35˚. To accomplish the optimization, the algorithm 

requires a background trend between P-wave and S-wave impedance as well as 

between P-wave impedance and density. This trend was created by assuming a linear 

relationship between P-impedance, S-impedance and density. These variables control 

the background relationship between the inversion parameters and are determined by 

the crossplots of the natural logarithms of the measures of impedance and density 

(Figure 6.10) provided by the well-log information. The coefficients were based on 

Equations (1) and (2), which were used to reduce the non-uniqueness of the inversion. 

They were extracted from the crossplots of Ln (AI) versus Ln (SI) and of Ln (AI) versus 

Ln () after fitting a linear regression on each crossplot. The pre-stack inversion 

parameters derived from these plots and used in this inversion are presented in Table 6. 
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Figure 6. 10 Pre-stack parameterization menu. (a) Crossplot of the Natural log of P-impedance 
versus the Natural log of S-impedance; (b) Crossplot of the Natural log of P-impedance versus the 

Natural log of density. The red line represents a linear fit in both crossplots. This fit is used to 
calculate m, mc, k, and kc. 

 

Angles Used 10˚  , 22˚  and 35˚ 

Number of Iterations 100 

k (from Figure 6.10) 1.050752 

kc (from  Figure 6.10) -5.30515 

m (from  Figure 6.10) 0.025122 

mc (from  Figure 6.10) 0.934635 

Pre-

whitening 

P-impedance 10% 

S-impedance 10% 

Density 10% 

Scalar Adjustment Factor 1 

Table 6 Pre-stack Inversion parameters. 
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The inversion algorithm solves the angle-dependent reflectivity model that 

minimizes the error on the angle gathers as deviations from the input model. These 

deviations from the model are then added back to the model and the process is 

iteratively repeated with the aim of reaching a global minimum. It is important to mention 

that all the inversion parameters were kept identical for the inversions of all the monitor 

surveys. 

The inversion analysis tool of the STRATA software shows the resulting 

inversion trace at each well location, superimposed on the original impedance logs and 

their corresponding low-frequency filtered logs. It also performs a quantitative analysis of 

the results of the inversion by constructing synthetic seismograms with the inversion-

based acoustic impedance logs and by correlating the resulting data with the recorded 

seismic data in the vicinity of each well. This approach quantitatively tested the accuracy 

of the results of the inversion in terms of the veracity in replicating the real seismic data. 

This provided fast and exact calibration between inversion results and well-logs, so that 

quality control could be maintained and the parametrization of the seismic inversion 

could be refined interactively at the well locations before the inversion of the full volume 

was performed.  

These inversion results of the 2001 seismic survey in the vicinity of Well 10-C-

3H are presented in Figure 6.11 as an example. Note how the signature of the inversion-

based P-impedance log closely follows the signature of the measured log. Also notice 

how well the synthetic seismogram replicates the recorded seismic data, obtaining a 

0.93 correlation coefficient. Although the quantitative evaluation of the inversion results 

was conducted based on the results obtained for P-impedance, the software helped to 

visually evaluate the results for S-impedance and density logs; for these, we also 

observed a strong match between the inversion-based logs and the measured logs. In 
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general, high correlation coefficients were obtained for the inversion of the other three 

monitor surveys at the well locations.  

 

 

Figure 6. 11 Results of the Seismic Inversion at Well 10-C-3H. The red lines correspond to 
inversion-based logs and synthetics. Blue lines correspond to the measured logs and black lines 

are the low-frequency filtered logs used for the initial models. From left to right the different 
tracks display: P-impedance, S-impedance, density, synthetic seismogram built with the 

inversion-based logs, extracted seismic trace along the borehole, and the error of the synthetic 
seismogram. 

 

A summary of the inversion results (in section view) for P-impedance of the two 

inverted seismic surveys (2001 and 2006) is presented in Figures 6.12 and 6.13. The 
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differences in impedance are subtle, which is to be expected from the Gassmann fluid 

substitution results; brine replacing oil will not produce a drastic 4D response. Stronger 

changes occurred in the Vp/Vs ratio, which agrees with the acoustic impedance versus 

Vp/Vs ratio crossplots presented in Chapter 5. The results presented in Figures 6.12 and 

Figure 6.13 indicate that through time the P-impedance and Vp/Vs ratio increases with 

brine replacing oil in the reservoir. The injection of brine, a fluid with higher density than 

oil, will cause reservoir rocks to become stiffer and denser, therefore exhibiting higher 

impedance. 
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Figure 6. 12  Inversion results of the base survey (2001) and the latest monitor survey (2006) for inline 1030 crossing segment E. (a) P-impedance 
2001; (b) Vp/Vs ratio 2001; (c) P- impedance 2006; (d) Vp/Vs ratio 2006. Within the reservoir area both acoustic impedance and Vp/Vs ratio 

increase with time due to water injection.
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Figure 6. 13 Inversion results of the base survey (2001) and the latest monitor survey (2006) for inline 1009. (a) P-impedance 2001; (b) Vp/Vs ratio 
2001; (c) P- impedance 2006; (d) Vp/Vs ratio 2006. Within the reservoir area, both acoustic impedance and Vp/Vs ratio increase with time due to 

water injection.
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6.4.4  Inversion results evaluation with RPTs 

Chapter 5 described the RPT that we built to model or characterize the reservoir 

rocks of the Norne field using well-log data. In this section, we show how the same RPT 

was used to evaluate the results of the pre-stack seismic inversion conducted upon the 

2001 (base) and 2006 (monitor) surveys. We assumed that the inverted seismic data 

carried the same reservoir information as the well-log (but at a coarser scale). The 

resulting acoustic impedance and Vp/Vs ratio volumes were crossplotted, while the RPT 

and litho-fluid classes were superimposed on the data points. The four litho-fluid classes 

were tracked across the two seismic surveys. The intent was to monitor the brine 

injection sweeping the hydrocarbons in the reservoirs in the Norne field. Figure 6.14 

presents the results of tracking the litho-fluid classes across the base and monitor 

surveys in inline view. Figure 6.15 presents a horizon slice over the top of the Ile 

Formation, which was extracted after mapping the four litho-fluid classes on the inverted 

seismic volumes.      

By tracking the four litho-fluid classes back onto the base and monitor surveys, 

we were able to volumetrically locate the oil- and brine-saturated sands, the shaly sands 

and the shales. Figure 6.14 shows that the combination of the inversion results and the 

rock physics analysis were able to highlight the Not Formation adequately; the Not 

Formation is the shale-sealing layer right above the reservoir sands. The shale layer 

does not exhibit major changes between the 2001 and 2006 sections, meaning that pre-

stack inversion products did not encounter changes above the reservoir sands, 

demonstrating the consistency of our seismic inversion results. On the other hand, the 

oil sands lessened in the 2006 seismic survey compared to the 2001 survey. This is the 

expected result, since amplitude differences are observed within the reservoir sands. As 
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shown in Figure 6.14 the seismic inversion highlighted those areas of the 2006 survey in 

which oil sands pixels are replaced with brine sands pixels. The litho-fluid classes 

extracted over the Ile Formation’s seismic horizon show similar results (Figure 6.15). 

Brine is replacing oil towards the updip sections of segments E and C. 

 

 

Figure 6. 14 Litho-fluid classes extracted over Inline 1009. (a) Litho-fluid classes extracted on the 
base survey (2001); (b) Litho-fluid classes extracted on the monitor survey (2006). The green 
pixels correspond to oil-saturated sands, blue pixels represent shaly sands, orange pixels are 

brine-saturated sandstones and red pixels show the shales.  
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Figure 6. 15 Litho-fluid classes mapped over the Ile Formation horizon. (a) Litho-fluid classes extraction over the 2001 survey; (b) Litho-fluid 
extraction over the 2006. The black triangles indicate the position of the two provided injector wells 10-F-1 H (left) and 10-F-3 H (right).
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CHAPTER 7  DISCUSSION 

In this study we mainly focused on three areas:  

 reservoir characterization through prediction of reservoir properties using RPTs;  

 time-lapse pre-stack seismic inversion; and  

 application of RPTs in 4D seismic reservoir monitoring applied to the Norne oil 

field. 

This chapter first presents limitations which were encountered related to rock-

physics models, well-log data and rock physics modeling. Then, we interpret the results 

of our work with RPTs and seismic inversion. 

 

7.1  Study limitations 

Rock-physics models limitations 

The constant-cement model does not include a pressure parameter. It considers 

the cemented grain contacts insensitive to pressure variations once the cementation 

process starts (Avseth, Skjei and Mavko, 2012); this is not completely true for real rocks. 

The Hertz-Mindlin model also has certain limitations (Bjørlykke, 2010). It assumes that 

grain sediments are identical spheres, which is rarely found in real rock samples. Also, 

cementation effects are not included in the Hertz-Mindlin model. Consequently, there are 

major uncertainties regarding the relationship between seismic velocities and the 

amount of cement present in the pore space.  

Well-log data limitations  

Well-logs are subject to various errors including environmental effects, intrinsic 

errors in the principle of measurement, and the effects of the different logging tools. 
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These factors could influence the interpretation of data to give misleading results.  

Another consideration is that porosity, volume of shale, and saturation logs are 

created from mathematical transformations of basic log measurements. For example, 

resistivity logs could be influenced by salinity of perforation, mud, and borehole 

conditions, causing misinterpretations in analysis. This would mean that the saturation 

model might not be properly calibrated.  

The well-logs used in this study start at different depths. For instance, the water/oil 

saturation and porosity logs started at the top of the Not Formation, whereas the volume 

of shale log started at a shallower depth. These logs were used as color codes on the 

different RPTs presented. Notice that in all RPTs (see Figure 5.6 and Figure 5.9) for 

which the color scale is volume of shale log, some litho-fluid classes have more data 

points compared to the same classes in other plots for which the color code was either 

water/oil saturation or porosity. That is because of the difference in start depth of the 

logs.  

RPT modeling limitations  

RPT models have many uncertainties, including the shear reduction factor and 

the cementation factor. It is important to address these factors and to know their effects 

and how they were adjusted to fit the data, since these details may lead to uncertainties 

in results. The constant-cement model often over-predicts shear stiffness in 

unconsolidated and cemented sandstones (Avseth et al., 2005). This over-prediction of 

shear stiffness increases velocities. We adjusted the reduced shear factor (F) to mitigate 

this "reduced shear effect" in our models. Parameter F varies between 0 and 1 and it 

represents the boundary conditions between no-friction (Walton’s smooth contact theory) 

and no-slip (Walton’s rough or Hertz-Mindlin contact theory) conditions (Avseth, Skjei 

and Mavko 2012). These shear effects on P- and S-wave velocity directly affect the 
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Vp/Vs ratio and acoustic impedance. In our project, the shear reduction factor was 

adjusted to F=0.8 to fit the well-log dataset (AI and Vp/Vs ratio logs) from the Norne field. 

If this factor were not reduced, it would give incorrect interpretations based on the 

template and the RPT would not fit the petrophysical data. As pore space reduces due to 

increasing cementation, rock frames will tend to stiffen, and therefore the seismic 

velocities will also increase. While building the RPT for this dataset, it was observed that 

velocities increased with relatively low cementation (1-8%); a further increase in cement 

to 14% caused almost no increase in the velocities. This could be because all the small 

cracks, pores and fractures had been already filled with cement and were closed, so that 

additional cement had almost no effect. The cementation factor was adjusted iteratively, 

given that no thin sections were available for this study. The cementation factor was set 

up as 2.5% in order to be able to describe the well-log data distribution on the acoustic 

impedance versus Vp/Vs ratio crossplot domain.  

 

7.2  Rock-physics template interpretation 

The fluid sensitivity of the RPT showed that it could discriminate fairly accurately 

between sands fully saturated with brine and sands fully saturated with oil, as shown in 

Figure 6.7. However, modeling partial saturations remains a challenge, both because of 

the low contrast between properties of oil and brine (Table 3, Chapter 5) and because 

the rocks being modeled were cemented and therefore stiffer and less sensitive to fluid 

replacement. The porosity of these sandstones was very well described by the RPT. 

Altogether it appears that our RPT characterizes the static conditions of the reservoir 

(lithology, porosity, cement and pore fluid) with fair accuracy. 
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The quality of the RPT model in terms of reservoir monitoring was tested by 

plotting the in-situ condition logs (96% oil, 4% brine) and brine-substituted data for two 

scenarios: 50% brine/50% oil saturation and 100% brine saturation (Figure 6.14). The 

results showed a poor match between the RPT prediction and the modeled saturations 

for the constant cement model. The distribution of the in-situ data points over the RPT 

covered the whole range of the saturation lines with no solid trend to discriminate partial 

saturations. The data points with the modeled saturation of 50% brine/50% oil also 

exhibited a broad distribution on the saturation lines. However, the changes in these two 

groups of data points in Vp/Vs ratio were significant enough to characterize the modeled 

fluid replacement (Figure 5.14).  

Given that only quartz and clay were assumed to be the minerals forming the 

whole matrix in both fluid substitution modeling and RPT modeling, there is the 

possibility that this is an overly simple model and that a more detailed matrix 

composition may have yielded better results. However, in the absence of thin sections or 

any petrographic information, assuming quartz and clay minerals to be the only two 

components of a sandstone was the simplest solution, based on the geological 

description obtained from the literature (Chapter 3) for the formations of interest. 

 

7.3  Seismic data and inversion results analysis 

In terms of seismic amplitudes, a gradual decrease in amplitude of the seismic 

traces down into the reservoir was observed, with the highest amplitudes within the 

reservoir occurring just above the Åre Formation, which marks the limit of the reservoir 

base (Figure 6.2). This was interpreted as the water-filled part of the reservoir, with the 

negative and lower amplitudes associated with the oil-filled parts of the reservoir. 
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The amplitude extraction performed over the shale-rich Not Formation horizon 

(Figure 6.5) for the four seismic monitor surveys available (2001, 2003, 2004 and 2006) 

did not show any evidence of changes. This result is in agreement with the known 

geology of the area and the expected 4D seismic response for this formation. The Not 

Formation is a thin shale layer that plays the role of seal rock for the oil reservoirs in the 

Norne field. Given that 4D seismic changes are assumed to respond to hydrocarbon 

production, we did not expect to observe amplitude variations at this stratigraphic layer. 

The purpose of extracting amplitudes over the Not Formation was to use them as 

calibration point and demonstrate the consistency of the seismic data. Analyzing the 

amplitude response of the Ile Formation horizon, the top reservoir, in the 2001, 2003, 

2004 and 2006 extractions (Figure 6.6), we observed variations in seismic amplitude 

over time. This is a qualitative indication that some properties of the rock-fluids system 

are changing within this formation. Assuming that the rock framework does not 

experience changes through time, this 4D response is most likely caused by changes in 

fluid saturation. In other words, there has been fluid replacement within the reservoir 

sands due to hydrocarbon production. The Gassmann equations demonstrate that the 

acoustic impedance of a porous rock will increase with fluid replacement from oil to a 

less easily compressible fluid, like brine. This predicts that the top of the Ile Formation 

would exhibit a gradually less negative amplitude response in water-filled sediments 

compared to the oil-filled sediments along this horizon. 

Exploring the results of the pre-stack inversion of the two inverted seismic 

monitor surveys (2001 and 2006) shows that the E-segment has experienced an 

increase in both acoustic impedance and Vp/Vs ratio, as seen in the SW to NE inlines 

presented in Figure 6.12 and Figure 6.13. There are changes in other segments of the 

field, like segment C, as well. Carefully looking through different inlines and cross-lines 
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to analyze the geometry and distribution of the evident changes, one can see that these 

changes mostly occur within the lower sections of the tilted horsts. Well F-1H, which is a 

water injector, is located downdip at the northern part of segment E. The impact of the 

water injected with this well is noticeable in the gradual change in acoustic impedance 

and Vp/Vs ratio from the 2001 monitor to the 2006 monitor in the updip direction (Figure 

6.13 and Figure 6.14). Acoustic impedance and Vp/Vs ratio are systematically increasing 

in the areas around the water injector well, which can be interpreted as a migrating fluid 

front with subtly higher impedance and Vp/Vs ratio than those of the initial fluid that was 

filling the pore space within the reservoir.  

The well-logs available provided detailed information about the various 

stratigraphic units of the reservoir section. With the well-logs, we were able to look at the 

sedimentary rocks of the reservoir interval at a finer scale than that offered by the 

seismic. For instance, using the well-logs and petrophysics, it was easy to distinguish 

the seal layer from the reservoir layers; it was also simple to distinguish the oil-charged 

sandstones from the brine-charged sandstones. In the traditional reflectivity seismic 

volumes, such discrimination is not as straightforward. However, the attributes analyzed 

for the time-lapse inversion (acoustic Impedance and Vp/Vs ratio) have all confirmed 

some of the stratigraphically significant lithological units within the sedimentary section 

of interest. Perhaps the Not Formation, a strong negative seismic event within the 

reservoir interval, was recognized in the two inverted seismic vintages (2001 and 2006). 

It can be recognized in Figure 6.12 and Figure 6.13 as the layer with higher acoustic 

impedance (blue tones) in the AI section as well as the strongly continuous layer with 

higher Vp/Vs ratio (purple tones) in the Vp/Vs ratio section. The acoustic impedance 

changes evidenced across the Not Formation can be attributed to lithological 

heterogeneities. Similarly, the pre-stack inversion products highlighted the hydrocarbon-
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filled sandstones and the brine-saturated sandstones within the reservoir interval. The 

hydrocarbon-saturated rocks in Figure 6.12 and Figure 6.13 are the yellow and red tones 

for both the acoustic impedance and Vp/Vs ratio sections, while the brine sands are 

represented with blue and purple tones in both attribute sections. The Ile, Tofte and Tilje 

Formations exhibit changes in the acoustic impedance and Vp/Vs ratio for the two 

inverted time-lapse seismic surveys. This provides evidence of fluid flow and good 

communication within the reservoir. 

As was mentioned in Chapter 6, the results of the time-lapse pre-stack inversion 

were crossplotted in the acoustic impedance versus Vp/Vs ratio domain and its data 

points were classified using the litho-fluid classes that we defined with the help of the 

RPT. Our idea was to reduce the uncertainty of the interpretation of the inversion results 

by assigning pairs of acoustic impedance and Vp/Vs ratio to each point on the seismic 

volumes and then color-code these points with the litho-fluid classes. This allowed the 

effective mapping of static features such as the Not Formation layer (Figure 6.14). It also 

allowed the characterization of dynamic features, like fluid flow. The 2001 survey 

exhibited a higher count of green pixels, representing the oil-saturated sands when 

compared with the 2006 survey (Figure 6.14). The 2006 survey clearly maintains the 

gross area of sand saturated with oil while exhibiting a systematic loss of pockets of 

these green pixels, which turned into orange pixels corresponding to brine-saturated 

sands. This is interpreted as the result of hydrocarbon production, in which brine 

replaces oil in the reservoir pore space. The fluid flow within the reservoir section of this 

field can be easily appreciated in the map view provided (Figure 6.15). These results 

reinforce the overall results of this study as the oil-water contacts of Segments C and E 

are migrating towards the updip part of these blocks (Figure 6.15), as expected when 

considering the buoyancy of the two fluids filling these rocks. 
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CHAPTER 8  CONCLUSIONS  

This study has demonstrated the application of the combined use of RPTs and 

pre-stack seismic inversion for time-lapse seismic reservoir characterization and 

monitoring. The study has been performed with well-log data and four successive 3D 

seismic surveys from the Norne oil field of the Norwegian Sea to predict lithology, 

porosity and saturation changes. The RPT showed a high degree of success in 

discriminating between different lithologies and predicting their porosities. The RPT built 

for this data set was also able to distinguish oil-saturated sands from brine-saturated 

sands, although partial saturations remained problematic. 

This study has revealed the impact of hydrocarbon production in the Norne field, 

which has caused dynamic fluid changes across two main identified geological 

structures at the Norne field. The fluid migration fronts on segments C and E were 

identified and effectively mapped. The time-lapse inversion captured major to minor 

details of production changes within the Norne field when compared to the base- and 

monitor-inverted volumes. The presence of high acoustic impedance and high Vp/Vs 

ratio around the injector wells was observed to gradually intensify from the base to the 

monitor survey. This increase of both the acoustic impedance and Vp/Vs ratio was 

interpreted to result from the water flooding recovery strategy applied to these 

reservoirs. Furthermore, it was observed that other segments of the Norne field 

(segments D and G) have experienced little water replacement when compared to the E-

segment. This probably indicates that the E- and C-segments have experienced more 

production when compared to the other areas. 

The drainage patterns within each of the segments appear to show that the 

segments are not in communication and the fluid spill points are delimited by the Norne 
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fault systems, as shown in the various impedance and Vp/Vs ratio cross-sections we 

presented. The time-lapse section captures the spatial fluid accumulations across each 

segment of the Norne field within parts of the horst/fault systems. 

Our findings can be summarized as follows: 

 Brine replacing oil at the Ile Formation of the Norne field can be detected, 

but it is difficult to quantify the amount of replacement. 

 Acoustic impedance and Vp/Vs ratio are powerful tools to evaluate 

saturation changes within these sand reservoirs. 

 The combination of rock-physics templates and pre-stack time-lapse 

inversion proved a reliable method to identify and map 4D responses in the 

Norne field. 

 The drainage patterns observed seem to indicate that the recovery strategy 

of water injection is working effectively, since the results of this study were 

able to highlight the migration of the oil-water contact in C- and E-segments. 

 A different recovery strategy would be necessary to ease the quantification 

of the changes in saturation within the reservoirs of the Norne field. Injecting 

CO2 or another fluid with contrasting physical properties when compared 

with the oil of this field would likely create higher acoustic impedance and 

Vp/Vs ratio time lapse difference. 
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